Quantitative pathophysiology in rabbit models of early onset scoliosis and expansion thoracoplasty by Olson, John Casey
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Quantitative pathophysiology in
rabbit models of early onset
scoliosis and expansion
thoracoplasty
https://hdl.handle.net/2144/11160
Boston University
BOSTON UNIVERSITY 
COLLEGE OF ENGINEERING 
Dissertation 
QUANTITATIVE PATHOPHYSIOLOGY IN RABBIT MODELS OF 
EARLY ONSET SCOLIOSIS AND EXPANSION THORACOPLASTY 
by 
JOHN CASEY OLSON 
B.S., Seattle University, 2001 
M.S. , University of Washington, 2006 
Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy 
2014 
© 2013 by 
John Casey Olson 
All rights reserved, 
except for Chapter 4, which is © 2011 by Clinical Or-
thopaedics and Related Research 
... · · ~ . . 
First Reader 
Second Reader 
Approved by 
Brian D. Sny er , M.D., Ph.D. 
Associate Professor of Orthopaedic Surgery, 
Harvard Medical School 
Bela Suki, Ph.D. 
Professor of Biomedical Engineering 
Third Reader  
Dimitrije Stamenovic, Ph.D. 
Associate Professor of Biomedical Engineering 
Fourth Reader 
Thomas L. Szabo, Ph.D. 
Research Professor of Biomedical Engineering 
QUANTITATIVE PATHOPHYSIOLOGY IN RABBIT MODELS OF 
EARLY ONSET SCOLIOSIS AND EXPANSION THORACOPLASTY 
JOHN CASEY OLSON 
Boston University, College of Engineering, 2014 
Major Professor: Brian D. Snyder, M.D., Ph.D. 
Associate Professor, Orthopaedic Surgery, 
Harvard Medical School 
ABSTRACT 
Early onset deformity of the spine and chest wall (initiated <8 years of age) is 
associated with declining respiratory function and increased morbidity at adulthood 
relative to adolescent onset deformity of comparable severity. In young children it is 
presumed that inhibition of thoracic growth during late stage alveolarization leads to 
an irreversible loss of pulmonary growth and thoracic function. Consequently there is 
clinical incentive to treat children with growth-preserving therapies as early as pos-
sible. In particular thoracic reconstruction surgeries have gained clinical acceptance 
over the last 15 years with encouraging results, however due to the delicate nature 
of these patients and the absence of a proper untreated control population there is 
limited prospective evidence to objectively evaluate the benefits of these surgeries on 
respiratory health. Additionally, controversy remains with regard to the proper tim-
ing of surgical intervention and if greater gains in growth and function are achieved 
with treatment at an earlier age. 
Thus the primary aims of this current study were 1) to develop a surgical rab-
bit model representing early onset thoracic deformity (onset at 3 weeks postnatal) 
from which to characterize the natural progression of thoracic deformity in associa-
tion with pulmonary growth and function, and 2) to use deformity rabbits from aim 
1 to evaluate effectiveness of thoracic reconstruction, via expansion thoracoplasty, to 
lV 
preserve thoracic growth, pulmonary growth, and respiratory function with particu-
lar consideration regarding post-natal timing of intervention by evaluating separate 
early (7 weeks of age) and late (11 weeks of age) treatment cohorts. All rabbits 
were evaluated longitudinally until skeletal maturity (28 weeks of age) via pulmonary 
function testing and computed tomography ( CT) imaging. Secondary aims were 
3) to characterize the functional and structural respiratory heterogeneity occurring 
in these rabbits through evaluation of regional specific volume distributions via CT 
deformable-image-registration and through estimation of dynamic heterogeneity via 
inverse modeling of the respiratory input impedance, and 4) to evaluate the response 
of biological mechanisms in the alveolar microstructure in these rabbits through post-
mortem immunohistochemical assays for growth factors associated with angiogenesis 
(VEGF pathway) and cell proliferation (Ki-67 antibody) . 
Our findings highlight the nature of pulmonary hypoplasia under restrictive condi-
tions; the extent of respiratory growth and function at maturity was highly predictable 
from thoracic geometry measured at 6 weeks in untreated deformity rabbits. From 
this predictive knowledge gains in growth and function associated with expansion 
thoracoplasty are determined, our evidence suggests that treatment benefits to lung 
growth are largely offset by detrimental effects of surgery and early surgery could 
only provide improvements in severe cases where expected outcomes are very poor, 
benefits to late treatment rabbits were inconclusive. A forward-inverse modeling ap-
proach to link empirical data on specific volume and respiratory impedance shows 
that inherent structural heterogeneity limits the sensitive detection of heterogeneity 
originating from a disease process. Lastly post-mortem evidence of increased cellular 
proliferation is shown in the pulmonary parenchyma of thoracoplasty treated rabbits. 
v 
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1 
Chapter 1 
Pathology of Thoracic Hypoplasia in Early Onset Scoliosis 
1.1 Introduction 
Lung growth is limited to the confines of the thoracic cavity, comprised of the 
spine, rib cage, sternum and diaphragm. The mechanical actions of the diaphragm 
and rib cage drive airflow for respiratory function. Congenital anomalies affecting 
the growth and development of the spine and/ or ribs may severely impact respiratory 
performance and pulmonary growth. However, the relationship between deformities 
affecting the structure of the thorax during growth and respiratory function are not 
well understood. 
In humans, as growth proceeds, the change in total thoracic volume is asymptotic: 
at birth the volume of the thorax is 6. 7% that of an adult, increasing to 30% by age 
5 years, 50% by age 10 years, then doubling again by skeletal maturity (Dimeglio 
and Bonnel, 1990) . By contrast, the lungs increase in volume with alveolar cell 
multiplication largely limited to 8 years of age (Campbell and Smith, 2007) , although 
this end point is controversial (Narayanan et al., 2012), then progressively by alveolar 
hypertrophy. The synergistic relationship between the development of the thorax and 
lungs and associated respiratory function is confirmed by congenital and childhood 
diseases that impose structural deformities of the spine and/ or rib cage that limit the 
space available for the lungs to grow and affect the configuration, movement and force 
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generated by the diaphragm and chest wall for respiration. For example, scoliosis, 
a lateral curvature of the spine that induces an associated deformity of the rib cage 
has dramatically different effects on pulmonary function depending on the age of 
onset. Adolescent idiopathic scoliosis (AIS), which has its onset relatively late during 
the growth of the lung and thorax (age >10 years), has less impact on long term 
pulmonary function, compared to early onset scoliosis (EOS, age <8 years), which 
profoundly restricts lung development and pulmonary function. In a retrospective 
study untreated EOS has been associated with mortality 300% above normal due 
to respiratory failure or cardiovascular disease, such an increase was not significant 
in adults with AIS (Pehrsson et al., 1992). EOS patients also exhibit decreased 
vital capacity (Owange-Iraka et al. , 1984), and in limited post-mortem evaluations 
show hypoplastic alveolar development (Davies and Reid, 1971; Boffa et al., 1984). 
However, studies have found only a weak or non-existent correlation between severity 
of deformity, as traditionally determined by the 2-D Cobb angle on an anterior-
posterior radiograph, with pulmonary function (Owange-Iraka et al. , 1984; Motoyama 
et al., 2006; Mayer and Redding, 2009; Redding and Mayer, 2011) . Campbell, et 
al. emphasized that in EOS, the three-dimensional structural malformation of the 
spine and ribs directly affect the volume, symmetry, and function of the thorax while 
indirectly affecting lung growth (Campbell et al. , 2003). 
Other congenital diseases where extrinsic structural deformities of the thorax in-
duce pulmonary hypoplasia include Juenes syndrome, where the thorax is narrowed 
by congenitally shortened ribs (Phillips and van Aalst, 2008; Thysuz et al., 2009) and 
spondylothoracic dysplasia, where the rib cage and thoracic spine is shortened to 24% 
of normal (Ramirez et al., 2007). Both diseases are associated with greatly increased 
mortality in youth, owing to severe restrictive lung disease. 
In an effort to develop a unifying principal that emphasizes how structural de-
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formities of the spine and rib cage can degrade respiratory function and lung devel-
opment, Campbell introduced the concept of thoracic insufficiency syndrome (TIS), 
which is defined as the inability of the thorax to support normal respiration or lung 
growth (Campbell et al., 2003). TIS represents a novel form of postnatal pulmonary 
hypoplasia and restrictive respiratory disease that occurs in patients with congeni-
tal, infantile, or neuromuscular scoliosis and congenital or acquired anomalies of the 
ribs and chest wall that induce prolonged mechanical inhibition of respiration and/ or 
pulmonary growth. 
It is likely due to these diverse structural origins and the rarity of TIS that clin-
ical associations between pulmonary function and thoracic structure have not been 
forthcoming. Hence there is utility for a controlled animal model. Previously, we 
conducted a small pilot study to investigate the influence of altering the structure of 
the thorax on its growth and function during respiration by tethering several of the 
ribs comprising the left hemi-thorax in 5-week-old rabbits. This resulted in a mild 
scoliosis (average 14°) that did not impair lung volume or somatic growth (Mehta 
et al. , 2010), but did impair the mechanical function of the thorax (Mehta et al., 
2006) and provoked histological changes associated with alveolar hypoplasia (Mehta 
et al. , 2010; Olson et al. , 2011). 
The objective of the current study is to extend this rabbit model by creating a 
more severe constriction of the right hemi-thorax at an earlier age and to evaluate 
the effect of a restrictive anatomic deformity on the overall structure and function of 
the spine, thorax and lungs during growth through skeletal maturity. Our hypotheses 
are: 1) limiting growth of the thorax during active development of the lung, spine 
and rib cage will create structural deformities of the spine and rib cage that pro-
voke mechanical inhibition of respiration and induce postnatal pulmonary hypoplasia 
sufficient to degrade respiratory function at skeletal maturity, and 2) the extent of 
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the 3-dimensional spine and thoracic deformity predicts respiratory growth and func-
tion at skeletal maturity. Therefore we tethered the right rib cage of 3-week-old 
rabbits to provoke progressive constriction of the thorax during skeletal growth to 
limit the space available for the lung to grow, distort the spine and diaphragm, and 
alter chest wall compliance. Computed tomography ( CT) imaging of the thorax was 
performed at regular intervals throughout growth until maturity to monitor progres-
sive deformity of the spine and rib cage and measure aerated lung volumes at known 
inspiratory pressures. From reconstructed 3D CT images of the entire thorax, the 
functional residual capacity (FRC), total lung capacity (TLC), and volume-specific 
compliance of the lung and thorax was determined. By comparing static changes in 
thoracic anatomy and dynamic changes in respiratory mechanics measured in rabbits 
with the tethered hemithorax vs. normal control rabbits, we demonstrate the pul-
monary changes that may be acquired in a structural deformity of the thorax that 
mechanically inhibits lung growth and restricts respiration. Additionally we demon-
strate that the extent of spinal deformity present during growth (at 10 weeks of age) 
is a strong predictor of thoracic deformity and degradation in respiratory function at 
maturity (28 weeks), lending credence to the idea that a 3-dimensional consideration 
of deformity is necessary to understand the pulmonary implications of EOS. 
1.2 Methods 
1.2.1 Overview 
All animal procedures were approved and monitored by the BIDMC institutional 
animal care and use committee. Surgery to tether ribs comprising the right hemitho-
rax to induce EOS was performed as soon as the rabbits could be weaned from 
their mother at age 3 weeks (Figure 1·1). Based on somatic growth of the rabbit 
compared to the human, a 3 week old rabbit is equivalent to a 3 year old child, 
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Healthy Disease-Rabbit Normal Control Tethered rib model Postnatal Age (N=8) (N=lO) 
+ 
3 weeks I Tether right hemithorax 
+ 
6weeks Computed Tomography 
~ ~ 
10 weeks Computed Tomography 
! ! 
14 weeks Computed Tomography 
! ! 
28 weeks Computed Tomography, PFT's 
Figure 1·1: Study overview indicating timing of surgery, CT scans, 
and PFT's relative to post-natal age of rabbits . 
while a 28 week old rabbit is considered equivalent to a full grown adult. Addition-
ally pulmonary growth (alveolar septation) in the rabbit is thought to continue until 
skeletal maturity, with the rate of growth decreasing monotonically from the first day 
of birth (Kovar et al., 2002). CT imaging of the thorax was performed at regular 
intervals throughout growth until maturity to monitor progressive deformity of the 
spine and rib cage and to determine aerated lung volumes at known inspiratory pres-
sures. Pulmonary function tests were performed at skeletal maturity to determine 
the relationship between thoracic deformity during growth and respiratory function 
as an adult. Power analysis based on preliminary data from pilot studies (Mehta 
et al., 2006; Mehta et al., 2010) indicated that 8 rabbits per group were required 
to detect a 20% mean difference in respiratory compliance and lung volume between 
healthy control rabbits (Normal) and unilateral tethered-rib rabbits (Disease). Two 
additional rabbits were added to allow for premature loss of rabbits in surgery. 
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1.2.2 Rib-tethering surgery 
At 3 weeks of age, ribs 3 through 9 comprising the right hemithorax were teth-
ered to create a progressive, convex left, kypho-scoliosis. Rabbits were anesthetized 
with Ketamine (35 mg/kg) and Xylazine (5-10 mg/kg) administered intramuscularly, 
intubated and placed on ventilator control with isoflurane gas. The rabbits were 
positioned prone and the right chest was sterilely prepped. A longitudinal incision 
through the skin was made along the posterior angle of ribs 2-10 and then deepened 
sharply to the intercostal muscles. Ribs 3-9 were exposed by sharp dissection (Fig-
ure 1·2a), the overlying periosteum incised, and each rib elevated from its periosteal 
bed, preserving the integrity of the underlying parietal pleura. An elastic vessel loop 
was passed under all the ribs and tightened to constrict the right hemithorax (Fig-
ure 1·2b). The tethered ribs were secured with a figure of eight #0 polyester suture 
(Figures 1·2c and 1·2d) . The incision was closed in layers and the rabbits recov-
ered in a high oxygen environment. Post-operative pain was managed immediately 
after surgery using Buprenex (0 .03 mg/kg) and twice over the next 24 hours using 
Meloxicam (0.2 mg/ kg). 
1.2.3 Computed tomography imaging and analysis 
To capture the asymptotic growth curve of the rabbit through skeletal maturity, 
serial CT scans of the entire thorax were obtained at post-natal ages 6, 10, 14, and 
28 weeks. After intubation with a cuffed endotracheal tube and anesthetic induction 
with isoflurane, the rabbits were mechanically ventilated and positioned prone on a 
Toshiba Aquilion 64 scanner with resolution of 0.26x0.26 mm2 in the transverse plane, 
and 0.3 mm slice spacing. After applying a sequence of deep inspirations to open 
regions of atelectasis and to induce a brief period of apnea, a breath hold lasting 3-5 
seconds at constant inspiratory pressure was maintained while the entire thorax was 
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(a) (b) 
(c) (d) 
Figure 1·2: Tethering ribs 3-9 comprising the right hemithorax: (a) 
longitudinal incision exposing ribs; (b) ribs elevated from periosteal 
bed, blue vessel loop and #0 polyester suture passed beneath ribs; (c) 
ribs constricted with the vessel loop; (d) polyeseter suture tied off to 
maintain constriction of right hemithorax, vessel loop removed. 
8 
imaged. This procedure was repeated four times at incremental inspiratory pressures: 
0---+5---+15---+25 cmH20. 
Spinal deformity 
The degree of scoliosis was measured as the Cobb angle on the coronal plane CT 
projection, 8 8 , and the degree of kyphosis as the Cobb angle on the sagittal plane 
CT projection, e K. The maximal overall spinal deformity, eM' was calculated from 
these orthogonal curves: eM = 2 * tan- 1 h / tan2(8s/2) + tan2(8K/2)). Following 
clinical EOS classifications, rabbits with a maximal spine deformity >55° at 10 weeks 
of age were identified as having severe spinal deformity and those with maximal spine 
deformity <55° were identified as having moderate spinal deformity. The thoracic 
rotation angle (TRA), the maximal thoracic rotation in the trans-axial plane, was 
measured at the apex of the spine deformity (Campbell et al., 2003). 
Calculation of aerated lung volume and mass 
The left and right lungs were segmented by Hounsfield unit (HU) threshold to 
determine right, left and total lung volumes. The X-ray attenuation corresponding to 
each voxel in the CT image, represented by the HU, is a measure of the tissue density 
(1g/mL = 1- HU/1000). Assuming that lung parenchyma has the density of water 
(1g/mL) and the air filling the alveoli has negligible density("-' Omg/mL), the lung 
mass, ffitissue, was calculated as the sum: ffitissue = L~=l (1 + HUn/1000) * Vpixel, and 
the aerated lung volume, Vain was calculated as the sum: Vair = 2.::.::~= 1 ( -HUn/1000)* 
Vpixel, of all voxels contained within the segmented lung profile, where N is that 
number of voxels. The aerated lung volume at an inspiratory breath hold pressure of 
0 cmH20 was used to estimate FRC, while the aerated lung volume at an inspiratory 
breath hold pressure of 25 cmH20 was used to estimate the TLC. Inspiratory capacity 
(VIC= VrLc- VFRc) is presented as a ratio of TLC; the VIC/VrLc ratio is a simple 
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measure of intrinsic respiratory mechanics. The 6 weeks old rabbits were too small to 
accommodate a cuffed endotracheal tube; therefore lung volumes at this time point are 
not presented since consistent inspiratory pressures could not be maintained during 
CT imaging. 
Surface area of diaphragm 
A 3D solid model of the segmented lung, inflated to 25 cmH20, was rendered 
from the sequential CT images using Mimics@ software (Materialise NV, Leuven, 
Belgium) . The inferior surface of the lungs was manually identified as representing 
the diaphragm and the surface area calculated. 
Analysis of local specific volume 
To evaluate how changes in thoracic anatomy affected dynamic changes in res-
piratory mechanics, the regional deformation of the lung parenchyma was measured 
in adult rabbits (28 weeks) as the lung was inflated from 0-+5, 5-+15, and 15-+25 
cmH20 inspiratory pressures. Deformable image registration (DIR) was performed on 
sequential sets of incremental breath hold CT images using custom software to track 
voxel by voxel trajectories (Yin et al., 2011). The local specific volume, was calculated 
from the Jacobian, J, of the local voxel based trajectories: s Vol = .6. V /Vo = J - 1. 
The registration of images between incremental inflation pressures was validated by 
comparing the total change in the volume of the lungs measured on segmented CT 
images to the change in volume calculated from the specific volume strains across the 
entire lung (Figure 1·3). 
1.2.4 Respiratory function 
All pulmonary function tests were performed in adult rabbits (at 28 weeks). After 
intubation with a cuffed endotracheal tube and anesthetic induction, an esophageal 
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Figure 1·3: Comparison of change in lung volume between incremental 
inspiratory pressures measured on segmented CT images vs. the sum 
of calculated specific volume expansion for each voxel in the Image. 
Correlation of 0.99 indicates good image registration. 
balloon was placed to measure the intrapleural pressure, Ppl , corresponding to in-
flation pressures measured at the airway opening, Paw· Trans-pulmonary pressure 
is the difference between the two signals Pp = Paw - Ppl· Total respiratory, CR, 
partitioned trans-pulmonary, Cp, and chest wall, Ccw, compliance curves were de-
termined from the change in aerated lung volume normalized by TLC, .6. VL/VrLc, 
as a function of airway opening and pleural pressures: CR = b.VL/(VrLc * b.Paw) ; 
Cp = b.VL /(VrLc * b.Pp); Ccw = b.VL /(VrLc * b.Ppt) . All compliance curves were 
fit to the exponential respiratory function described by Salazar and Knowles (Salazar 
and Knowles, 1964): V = A- exp-kP , where A is an estimate of maximal lung 
capacity, k and B reflect stiffness. Additionally as the exponential model may not 
describe partitioned chest wall mechanics in the physiological range (Grimby et al., 
1975) the thoracic compliance curve from each group was pooled and fit to both the 
Salazar-Knowles model and a linear model. 
Dynamic elastance and airway resistance were determined from airway pressure 
and flow signals during mechanical ventilation using the single compartment respi-
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"'-..... Elastic Lung / 
Figure 1·4: The respiratory single compartment model, with Kelvin-
Voight dynamics. 
ratory model (Lauzon and Bates, 1991) (Figure 1·4). Briefly, 3 deep inspiratory 
maneuvers were performed on the ventilated rabbit to open atelectatic regions after 
which pressure and flow at the airway was recorded over 3 consecutive ventilation 
cycles. Rabbits were ventilated at 24 breaths per minute up to 12 cmH20 tracheal 
pressure. The mean and confidence intervals for elastance and resistance were de-
termined with the recursive least squares method of Bates and Lauzon (Bates and 
Lauzon, 1992). 
Forced vital capacity (FVC) was determined using the raised volume rapid tho-
racoabdominal compression technique. While the rabbits were intubated and deeply 
anesthetized, 3 deep inflations were provided prior to inflating the lungs to 25 cmH20 
inspiratory pressure. A circumferential air bladder loosely fit around the thorax and 
abdomen was rapidly pressurized to 60 cmH2 0 and held until air ceased to flow from 
the endotracheal tube. The volume of expired air was derived from the total flow at 
the airway opening. This procedure was repeated several times to ensure reproducibil-
ity. After at least 2 quality expirations, the highest expired volume was recorded as 
FVC, but only if all measures were within a 10% disparity margin as described by 
ATS/ ERS guidelines (ATS, 2005). 
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1.2.5 Statistical evaluation 
To evaluate the hypothesis that limiting growth of the thorax during active de-
velopment of the lung, spine and ribs will create structural deformities that provoke 
inhibition of respiration and induce postnatal pulmonary hypoplasia the measures of 
thoracic deformity, and static and dynamic pulmonary function during growth were 
compared among all groups of rabbits over time (Severe deformity, Moderate defor-
mity, and Normal control) using two-way, repeated measures ANOVA with Bonferroni 
post-hoc analysis, post-hoc statistical significance is reported when p<0.05. One-way 
ANOVA was used on measures made only at 28 weeks. To evaluate the hypothesis 
that the extent of spine and thoracic deformity during growth predicts respiratory 
function at skeletal maturity, all groups of rabbits were pooled and linear regression 
was performed between the maximal deformity angle, 8M, at a post-natal age of 10 
weeks against measures of static and dynamic respiratory function for adult rabbits 
at 28 weeks. The zero-order Pearson coefficient ( r) and coefficients of determination 
(R2 ) are presented, statistical significance at p < 0.05 is indicated. 
For the chest wall compliance curve the corrected Akaike information criterion 
(AICc) weights for both the Salazar-Knowles model and a linear model were deter-
mined and the relative likelihood that Salazar-Knowles is the preferred model over 
the linear model is presented (Wagenmakers and Farrell, 2004). 
1.3 Results 
1.3.1 Thoracic and pulmonary development 
Tethering the ribs comprising the right hemithorax immediately induced a signif-
icant convex left scoliosis (Cobb >40°). However, during the rib tethering, several of 
the rabbits sustained rib fractures, which reduced the constrictive force of the tether 
and likewise the severity of the resultant spinal deformity, thus increasing variance in 
13 
the Disease population and reducing statistical power. To increase statistical power, 
2 additional Disease rabbits were added for a total of 10 Disease rabbits. Disease 
rabbits were then separated into Severe (8M >55° , N=5) and Moderate (8M <55°, 
N=5) spine deformity groups (Figure 1·5). 
Compared to Normal, rabbits in the Severe group had a significant spinal defor-
mity (Figure 1·6a) and increased TRA (Figure 1·6b) by 6 weeks of age, that pro-
gressed with growth, whereas rabbits in the Moderate group achieved a significant 
spine deformity only at 28 weeks. The spine deformity at 10 weeks post-natal age 
was highly correlated (R2 = 0.91, p < 0.001) to the spine deformity at adulthood, 28 
weeks post-natal age (Figure 1·6c). 
Somatic growth was significantly inhibited (p<0.001) in rabbits with severe spine 
deformity; at completion of skeletal growth (at 28 weeks), the mean body weight of 
the rabbits with Severe spine deformity was 85% of Normal (Figure 1·7). The rate 
of lung growth relative, to the rate of somatic growth (as measured by mass), was 
significantly depressed (p<0.01) for rabbits with Severe spine deformity (Figure 1·8). 
Volume and mass of the segmented left and right lungs was evaluated serially 
during growth (Figure 1·9); at completion of growth at 28 wks, the mass of the 
constricted right lung in the Severe spine deformity group was 59% that of Normal 
(p<0.001) and the mass of the left lung was 86% that of Normal (p<0.05); the volume 
of the constricted right lung was 60% that of Normal (p<0.001), while the volume of 
the left lung was 105% of Normal (not significant). For rabbits with Moderate spine 
deformity, the mass and volume of the constricted right lung was significantly less 
than Normal only at the completion of growth at 28 weeks; 87% of Normal mass and 
79% of Normal volume (p<0.05). 
The IC/TLC ratios were statistically different across groups, using repeated mea-
sures ANOVA (p< 0.05), however post-hoc Bonferrroni statistics indicated no signif-
14 
Normal Severe Moderate 
Figure 1·5: CT image reconstructions of rabbits at 28 week post-natal 
age demonstrating deformity of thorax and lungs of a representative 
rabbit from each group. The inferior surface of the lung apposed to the 
diaphragm is colored orange. 
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Figure 1·6: Progression of deformity; (a) maximal overall spine defor-
mity, eM) in Normal Severe, and Moderate rabbit groups at all time 
points measured on CT; (b) TRA in Normal, Severe, and Moderate 
rabbit groups at all time points measured on CT; (c) linear regression 
comparing spine deformity at 10 weeks post-natal age to 28 weeks. 
Bonferroni statistical significance is indicated: *p< 0.05; **p< 0.01; 
***p< O.OOl. 
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Figure 1· 7: Somatic growth of Normal, Severe, and Moderate rab-
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Figure 1·10: The IC/ TLC ratio in the left and right lungs. In the left 
lung groups are significantly different using repeated measures two-way 
ANOVA. However Bonferroni post-hoc tests showed no differences. 
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icantly different groups. By 28 weeks of age the average IC/TLC ratio in Severe 
rabbits was 93% of Normal, and in the left and right lungs these values were 89% 
and 97% respectively. In Moderate rabbits IC/ TLC ratios were 97%, 92%, and 102% 
respectively (Figure 1·10) 
1.3.2 Pulmonary function t ests 
The FVC from two rabbits from the Normal control group and two rabbits from 
the Moderate spine deformity group had > 10% disparity between repeated tests, 
Figure 1·11: FVC of rab-
bits in Normal, Severe, and 
Moderate spine deformity 
groups at 28 weeks of age. 
Bar graph illustrates aver-
age ± SD; statistical signif-
icance indicated: *p<0.05; 
**p<0.01; ***p<O.OOl. 
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Figure 1·12: Surface area 
of diaphragm of rabbits in 
Normal, Severe, and Mod-
erate spine deformity groups 
at 28 weeks age. Bar graph 
illustrates average ± SD; 
statistical significance indi-
cated: *p<0.05; **p<0.01; 
***p<O.OOl. 
therefore these rabbits were eliminated from the analysis. For the remaining rabbits 
at the completion of growth at 28 weeks, the average FVC in rabbits with Severe 
spine deformity was 71% that of Normal (p<0.01) (Figure 1·11). The projected 
surface area of the diaphragm in rabbits with Severe spine deformity was 76% that of 
Normal rabbits (p<0.001) (Figure 1·12). Differences with Moderate deformity rabbits 
were not detected. 
The best-fit coefficients of the Salazar-Knowles model were not significantly differ-
ent for respiratory, pulmonary, or chest-wall compliance, the best-fit curves for each 
group are shown in (Figure 1·13). For the chest-wall compliance curve several rabbits 
from the Moderate and Normal groups appeared to have a linear compliance curve 
maintaining a high compliance slope at higher inspiratory volumes. AICc analysis 
on pooled compliance data from each group determined that the Salazar-Knowles 
model is preferred over the linear model in Normal, Moderate, and Severe rabbits 
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Figure 1·13: Total respiratory and partitioned pulmonary and chest-
wall compliance data fit to the Salazar-Knowles exponential model. The 
average best-fit line for each group is shown and the 95% prediction 
interval for Normal rabbits is indicated with dashed lines. 
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with 91.3%, 97. 7%, and 100% confidence respectively. Compliances measured at 14 
weeks demonstrate the same trends (not shown). The dynamic elastance was in-
creased in rabbits with Severe and Moderate spine deformity compared to Normal 
although significance was not found. 
Representative images of regional pulmonary displacement and specific volume as 
respiratory pressure is increased from 5 to 15 cmH2 0 are shown in Figure 1·14A,B . At 
this phase of mid-inspiration the anterior lung of all rabbits shows increased specific 
volume over the posterior lung. In the early-inspiration phase (0 to 5 cmH2 0 respi-
ratory pressure) the opposite is apparent (posterior>anterior) in all Normal rabbits 
but in no Severe rabbits (Figure 1·14C) here the ratio of posterior to anterior lung 
specific volume in Severe rabbits is significantly greater than Normal (p<0.05). In 
20 
Disease rabbits the mean specific volume of the right lung was significantly less in 
the left lung compared to the right at initial, mid, and end inspiration by 92%, 89%, 
and 85% respectively. There was no difference between the lung apex and base. 
1.3.3 Correlation of structure with growth and function 
Correlation of maximal spinal deformity angle , 8 M, measured at 10 weeks of age 
and 28 weeks of age with growth and respiratory function outcomes at 28 weeks of 
age are shown in Table 1.1. 
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Figure 1·14: Comparison of image registration results between Nor-
mal (top row) , Severe (center) and Moderate (bottom) rabbits. Left 
column: Coronal view of the registration displacement map, magnitude 
and direction of displacements are indicated by yellow vectors. Middle 
column: Axial view of derived specific volume map, hot colors indi-
cate greater expansion and green neutral. Right column: Comparison 
of regional specific volume in gravity dependent regions , posterior to 
anterior, between Normal, Severe, and Moderate rabbits at each phase 
of inspiration. Error bars show SD. 
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Predictors + Deformity (10 wk) Deformity (28 wk) 
Outcomes (28 wks)+ r RZ r RZ 
Body mass -0.69 0.47** -0.65 0.42** 
Lung mass -0.89 0.79*** -0.92 0.84*** 
-Left lung -0.78 0.61** -0.81 0.66** 
-Right lung -0.89 0.79** -0.96 0.91*** 
Lung Volumes 
FRC 0.33 0.11 0.37 0.13 
TLC -0.71 0.50** -0.69 0.48* 
-Left lung -0.05 0.00 0.07 0.00 
-Right lung -0.80 0.64*** -0.85 0.72*** 
IC/TLC -0.38 0.14 -0.42 0.18 
-Left lung -0.53 0.28* -0.56 0.31* 
-Right lung 0.20 0.04 0.22 0.05 
Thoracic Asymmetry 
R:L ratio -0.78 0.61*** -0.87 0.75*** 
TRA 0.88 0.77*** 0.89 0.79*** 
Mechanics 
Respiratory Comp. - B -0.50 0.25* -0.39 0.16 
V =A - Be-kPaw 
- k 0.55 0.31* 0.45 0.20 
Pulmonary Comp. - B -0.46 0.21 -0.30 0.09 
V=A-Be-kPp 
- k 0.62 0.38* 0.43 0.18 
Chest wall Comp. -B -0.74 0.54* -0.75 0.56* 
V =A - Be-kPpl 
- k 0.87 0.75** 0.77 0.59* 
FVC -0.55 0.31* -0.60 0.36* 
Dyn. Resistance -0.20 0.04 -0.15 0.02 
Dyn. Elastance 0.92 0.85*** 0.96 0.93*** 
Diaphragm S.A. -0.84 0.71 ** -0.83 0.69*** 
Table 1.1: Pearson coefficient (r) and coefficient of det ermination (R2 ) 
showing strength of correlation between measured outcomes with the 
magnitude of maximal spine deformity angle, 8 M , at 28 weeks of age. 
Statistically significant correlations are indicated: *p< 0.05 ; **p < O.Ol; 
***p< O.OOl. 
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1.4 Discussion 
We have developed a protocol to limit growth of the thorax in 10 young rabbits 
throughout a large period of active thoracic and pulmonary development. Severity of 
deformity as measured by maximal spinal curvature ranged from 30 to 126 degrees at 
maturity, compared to Normal rabbits with a natural thoracic kyphosis of 20 degrees. 
In this model a Severe thoracic curvature (>55°) was characterized by hypoplastic 
thoracic and pulmonary development at maturity with decreased lung mass, TLC, 
and FVC, abnormal gravity dependent alveolar recruitment, thoracic rotation, and 
reduced diaphragm surface area. Moderate deformity rabbits ( < 55°) characterized 
with a less significant pulmonary and thoracic hypoplasia without a reduction in 
body weight, diaphragm surface area, or FVC. Likewise we have shown in our rabbits 
that severity of spinal deformity at 10 weeks is an excellent predictor of pulmonary 
and thoracic growth and function by maturity with strong correlations with body 
weight, pulmonary mass and volume, FVC, respiratory and chest wall compliance, 
respiratory elastance, and diaphragm surface area at maturity. To our knowledge 
there is no other animal model existing to simulate an early onset thoracic deformity 
for the purpose of evaluating prolonged respiratory development. 
Inhibited pulmonary growth in the right lung, ipsilateral to the rib fusion, is ap-
parent in all rib fusion rabbits in proportion to severity of the deformity. However, 
in the left lung , contralateral to the rib fusion, compensatory hypertrophy occurs in 
moderately deformed rabbits restoring total pulmonary growth close to normal. In 
contrast severely deformed rabbits show volume hypertrophy but reduced mass in the 
left lung, this is likely indicative of excessive alveolar hypertrophy as has been noted in 
a study correlating CT density with alveolar septal density (Ravikumar et al., 2004). 
Alveolar septation is greatly induced by pulmonary mechanics (Hsia, 2004; Hsia and 
Tawhai, 2012), this relation is noted in experimental models of post-pneumonectomy 
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compensatory growth where increased strain co-occurs with septation in the left lung 
after right lung resection (Hsia et al., 1994), and in the condition of congenital di-
aphragmatic hernia (a prenatal thoracic hypoplasia) where pulmonary growth can be 
restored after proper closure of the thoracic cavity (Marven et al., 1998; Wu et al., 
2002). 
The quality of respiratory mechanics, as opposed to growth, was determined in-
dependent of the size of the lungs by normalizing compliance and volumes by TLC. 
Total respiratory and pulmonary compliance appear similar between disease and nor-
mal rabbits, however the normal chest wall P-V curve appears linear over the physio-
logical respiratory range instead of asymptotic as the limits of thoracic distension are 
not approached (Grimby et al., 1975), however in our restricted model the mechanical 
limits of the chest-wall are approached as indicated by an asymptotic curve shape in 
the severely deformed rabbits. Additionally a reduced IC/TLC ratio in the left lung 
in proportion to deformity indicates a reduced average tissue strain in this lung across 
the range of inspiratory capacity; this may be the mechanism for reduced growth (by 
mass) in the left lung of severely deformed rabbits . 
CT-DIR techniques have introduced the ability to view local pulmonary volume 
changes throughout respiration at the high resolution of modern CT scanners (Yin 
et al., 2009). Local specific volume determined through DIR identifies local normal-
ized alveolar expansion and proportion of alveolar recruitment for ventilation (Fuld 
et al., 2008). This is a useful research technique to visualize disease when hetero-
geneous mechanical and/ or ventilation patterns may be suspected in the lungs as 
demonstrated in models of acute lung injury (Kaczka et al. , 2011; Guerrero et al., 
2007) . In our current model such heterogeneity is suspected due to the left-right 
asymmetry in pulmonary growth and thoracic mechanics. In addition to a slight 
left-right asymmetry, an abnormal ventilation pattern is apparent in both severe and 
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moderately deformed rabbits through an absence of the normal gravity dependent 
pattern, where alveolar recruitment occurs primarily in the non-dependent (poste-
rior) lung in the early phase of respiration after which the dependent lung plays a 
greater role. In this case the early phase of respiration may be thought of as tidal 
breathing and later respiration as deep inspiration into reserve capacity. From this 
point of view the dependent lung in the Normal rabbit contains a larger proportion 
of the reserve capacity volume, and in deformity rabbits this is diminished. 
The relative severity of pulmonary deficiency in Severe deformity rabbits may be 
similar to that seen in patients with clinically significant EOS, the clinical condition 
most similar to our rib fusion model (Table 1.2). Many measures from this study 
are not typical in the clinic and there is no clinical data within the last 20 years to 
represent adults with untreated EOS as it is a life threatening condition and sev-
eral modern growth sparing treatments exist. Recent published data on early onset 
thoracic deformity is limited to young patients pre-treatment usually in an attempt 
to characterize changes associated with a particular treatment. These studies have 
shown the capacity of growth sparing treatment to correct an associated spinal curva-
ture and increase volume for the lungs to grow in (Emans et al., 2005). Other benefits 
are debatable; reports of increased somatic growth (Skaggs et al., 2009) are offset by 
reports of decreased FVC (Mayer and Redding, 2009) and no improvement in quality 
of life (Vitale et al. , 2008). Long term these procedures may prevent sudden respi-
ratory failure at adulthood, the first patients to receive growth-sparing treatments 
are currently entering adulthood from which a greater understanding of long-term 
benefits will be derived. 
A few deficiencies of this study should be mentioned. The rib-tethering surgery 
had unpredictable effectiveness in creating spine curvature as ribs often broke after 
surgery thus releasing restrictive force. Because of this a large variance in deformity 
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Spine FVC Body Right Lung Left Lung Diaphragm 
Deformity mass Mass Vol. Mass Vol. S.A. 
Severe 99.8° 71% 85% 59% 60% 86% 105% 77% 
Rabbits 
Moderate 45.9° 83% 107% 87% 79% 107% 108% 95% 
Rabbits 
EOS 87.0°+ 53% 75% -- -- -- -- --
Patients 
Table 1.2: Summary of measures in deformity rabbits. Curve defor-
mity is in units of degrees, all other measures are shown as percentage 
or normal expected values, mean values are given. Values significantly 
different from Normal are in bold. Clinical values for EOS patients are 
taken from literature when available (Owange-Iraka et al., 1984; Skaggs 
et al., 2009) . +-Clinical deformity is measured as coronal plane Cobb 
angle, not maximal deformity. 
was produced between rabbits and a greater number of rabbits were necessary than 
originally intended in order to increase the number of Severe rabbits. Using a thicker 
suture prevented this from occurring. Additionally we provided no direct measures of 
respiratory deficiency through DLCO or deficiency compensation through increased 
blood serum bicarbonate levels. Attempts to evaluate alveolar morphology through 
post-mortem histology were undertaken but could not be included in this study due 
to poor consistency of preserved tissue. Nevertheless striking evidence associated 
with reduced respiratory capacity and lung growth associated with a severe thoracic 
restriction is provided. 
In short we have created a rabbit model of fused ribs resulting in moderate to 
severe progressive EOS with pulmonary hypoplasia characterized by reduced lung 
mass, volume, respiratory compliance, and an abnormal ventilation pattern which 
may characterize diminished pulmonary reserves. This serves as an evaluation of 
pulmonary growth through the postnatal alveolarization phase in a restricted growth 
environment and may be representative of pulmonary hypoplasia in early onset tho-
racic deformity diseases, with the severity of deficiency in lung growth and function 
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greatly dependent on the severity of spinal curvature. In future studies this model 
may find use as a control to understand the effect of thoracic growth sparing treat-
ments on compensatory alveolar development. 
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Chapter 2 
Growth and Mechanics in Expansion Thoracoplasty 
2.1 Introduction 
Thoracic insufficiency syndrome (TIS) is defined as the inability of the thorax 
to support normal respiration and postnatal lung growth (Campbell et al., 2003; 
Campbell and Smith, 2007). This description highlights the dependence of pulmonary 
development and respiratory function on the anatomic structure of the thorax. TIS 
is associated with prolonged deformity and dysfunction of the spine and rib cage as 
occurs in congenital, infantile, or neuromuscular scoliosis and congenital or acquired 
anomalies of the ribs and chest wall (Campbell et al., 2003; Campbell and Smith, 
2007; Dimeglio and Canavese, 2012). Children afflicted with TIS often present with 
critically failing respiratory status marked by decreased thoracic volume and chest 
wall compliance, declining vital capacity, and a failure to thrive determined by quality 
of life (QOL) and expected growth (Muirhead and Conner, 1985; Owange-Iraka et al., 
1984; Waldhausen et al., 2007; Vitale et al., 2008; Day et al., 1994; Bjure et al., 1970; 
Gollogly et al., 2004). Despite the significant health risk of TIS, it is a rare disease and 
standard "growth-sparing" treatment strategies have only recently been developed. 
In the late 1980s the development of the expansion thoracoplasty technique into a 
structured growth-preserving treatment for TIS was initiated by Dr. Robert Camp-
bell Jr. and colleagues, culminating in approval by the Food and Drug Administra-
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tion (FDA) of the Vertical Expandable Prosthetic Titanium Rib device (VEPTR™ 
Synthes North America , West Chester, PA) in 2004 under the humanitarian device 
exemption (HDE) . This exemption requires proof only that probable benefit from the 
device outweighs any risk, which was shown in a pre-market feasibility study in which 
TIS patients tended to have improved respiratory status after VEPTR treatment, as 
quantified by their dependence on supplemental oxygen and ventilator support. Sub-
sequent studies have associated expansion thoracoplasty with increased lung volumes 
(Emans et al., 2005; Motoyama et al., 2006; Motoyama et al., 2009) and increased 
ability to thrive as measured by weight gains (Skaggs et al., 2009) . Conversely, many 
TIS patients treated with expansion thoracoplasty experienced a continued decrease 
in vital capacity (Mayer and Redding, 2009) and QOL scores (Vitale et al., 2008). 
Specifically how expansion thoracoplasty benefits respiratory function is unclear, 
largely due to the lack of a proper control population and thus knowledge of the 
natural history of TIS. Additionally, it is presumed that the younger the child is at 
the time of expansion thoracoplasty and sequential VEPTR lengthening the greater 
the potential for the spine, thorax and lung to follow a normal growth trajectory, but 
this is also yet unproven. In relation to lung growth in particular, there appears to 
be a natural genetic mechanism largely limiting post-natal lung growth (via alveolar-
ization) to the first years of life (Zeltner and Burri, 1987), although there is contrary 
evidence (Narayanan et al., 2012), after which lung volume continues to increase with 
skeletal growth but alveolar septation is ceased (Campbell and Smith, 2007; Dimeglio 
et al., 2009). Thus in an abnormally restricted thorax postponing surgery to a later 
age may result in excessive alveolar hypertrophy without new lung growth, although 
it may hypothetically result in equivalent gains in thoracic volume. 
Our group has previously developed a rabbit model simulating TIS from early 
onset scolioisis (EOS) with fused ribs by unilaterally tethering the right rib cage of 3 
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week old rabbits, resulting in a rib fusion mass and progressive left convex scoliosis 
(Chapter 1). This rib-tether model was associated with a reduced pulmonary growth, 
forced vital capacity (FVC) , and respiratory compliance at skeletal maturity (28 
weeks of age), the extent of which was largely predictable by the magnitude of spinal 
curvature measured at 6 weeks of age. 
The objective of the current study is to use our TIS rabbit model as a testbed to 
evaluate the capability of the expansion thoracoplasty procedure for improving lung 
growth and respiratory function upon skeletal maturity by comparing growth and 
function outcomes at maturity with expected outcomes predicted by the TIS con-
trol population. Additionally the effect of the timing of the expansion thoracoplasty 
procedure on growth and functional outcomes is evaluated by comparing a cohort 
of rabbits treated at 7 weeks of age (Early) with one treated at 11 weeks of age 
postnatal (Late). Our hypotheses are: 1) expansion thoracoplasty will correct spinal 
deformity, increase the volume for the lungs to grow, and increase respiratory compli-
ance in our TIS Disease rabbit model, and 2) the extent that pulmonary growth and 
function is restored by expansion thoracoplasty is proportional to the amount of lung 
growth potential remaining in each rabbit and thus rabbits treated at an earlier age 
will show greater improvements. Therefore we simulated TIS in all rabbits through 
rib-tethering at 3 weeks of age, as in our previous study, and then performed expan-
sion thoracoplasty on the constricted hemithorax in two different groups at either 7 
(Early treatment) or 11 (Late treatment) weeks of age. Computed Tomography ( CT) 
imaging was performed at regular intervals throughout growth to monitor thoracic 
deformity, respiratory volumes, and pulmonary mass. Respiratory elastance was es-
timated from inverse modeling of the ventilation impedance signal. By comparison 
to the growth curve of Normal and Disease rabbits we found that expansion thora-
coplasty provided excellent correction to spine deformity, but has detrimental effects 
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on lung growth and respiratory volumes immediately after surgery followed by ape-
riod of rapid gains the magnitude of which was unrelated to the severity of the initial 
deformity. Improvement on expected lung growth only occurred in cases of severe 
initial deformity where expected outcomes were very poor. Functional outcomes as 
measured by chest wall stiffness and diaphragm surface area (SA) were not improved. 
Evidence of growth gains were only seen in Early treatment rabbits , differences in 
Late and Early treatment rabbits could not be inferred possibly due to variance in 
severity of the initial deformity and a lack of statistical power. 
2.2 Methods 
2. 2.1 Overview 
All animal procedures were approved and monitored by the BIDMC institutional 
animal care and use committee. Rib-tether surgery on the right hemithorax to induce 
EOS was performed as soon as the rabbits could be weaned from their mother at age 
3 weeks. Based on body mass growth charts of the rabbit compared to the human, 
a 3 week old rabbit is equivalent to a 3 year old child, a 7 week old rabbit to a 
5 year old child, and at 11 weeks to a 9 year old, while a 28 week old rabbit is 
considered equivalent to a full grown human. Pulmonary growth (alveolar septation) 
in the rabbit is thought to continue until skeletal maturity, with the rate of growth 
decreasing monotonically from the first day of birth (Kovar et al., 2002) in a manner 
similar to human lungs. From our previous study we found that in Normal and Disease 
control rabbits the rate of lung growth (lung mass) slows down after 14 weeks of age 
in relation to the volume expansion, and thus lung density is reduced (p<0.001) in 
all rabbits (Figure 2·1). 
CT imaging of the thorax was performed at regular intervals throughout growth 
to monitor deformity of the spine and rib cage and determine aerated lung volumes 
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Figure 2·1: Pulmonary tissue density as determined from CT images 
with lungs held at TLC (25 cmH20). Paired t-tests were performed 
between each time point for each group. Significantly different measures 
are indicated (* p< 0.05 , ** p< 0.01, *** p<0.001). 
and lung mass. Volume and mass were segmented into the right and left lung. Pul-
monary function tests were performed at 10, 14, and 28 weeks to determine FVC and 
respiratory elastance. At 28 weeks respiratory elastance was also partitioned into the 
chest wall and pulmonary pathways with the use of an esophageal balloon estimating 
pleural pressure. Power analysis based on preliminary data from pilot studies (Mehta 
et al., 2006; Mehta et al., 2010) indicated that 8 rabbits per group were required 
to detect a 20% mean difference in respiratory compliance and lung volume between 
groups. One additional rabbit was added per group to allow for premature loss in 
surgery, however each of the treatment groups ultimately ended with 7 rabbits due to 
several premature deaths. Control data on 10 Disease control rabbits with untreated 
fused ribs and scoliosis and 8 Normal rabbits was taken from our previous study 
(Figure 2·2). 
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Rabbit 
Postnatal Age Normal Control Disease Control Early Treatment Late Treatment (N=8) (N=10) (N=7) (N=7) 
~ ~ ~ 
3 weeks Tether right hemithorax 
~ ~ ~ 
6 weeks -CT 
~ 
7weeks I Rib Expansion 
~ ! 
10 weeks - C't PFT's 
~ ~ 
11 weeks I Lengthening II Rib Expansion 
~ ~ 
14 weeks - C't PFT's 
! 
28 weeks - C't PFT's 
Figure 2·2: Study overview indicating timing of surgery, CT scans, 
and PFT's relative to post-natal age of rabbits. Rabbits in the Normal 
Control and Disease Control groups are from Chapter 1 
2.2.2 Surgical procedures 
Rib-tethering 
I 
The process of rib tethering was performed on all rabbits in Early treatment, and 
Late treatment groups at 3 years of age. This procedure is described in detail in 
(Chapter 1). 
Expansion thoracoplasty 
Thoracic expansion surgery was performed in Early treatment rabbits at 7 weeks 
of age and Late treatment rabbits at 11 weeks of age with the objective to expand 
the restricted hemithorax and provide increased thoracic volume for lung growth and 
concurrently correct associated spinal curvature. Rabbits were anesthetized with Ke-
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tamine (35 mg/kg) and Xylazine (5-10 mgjkg) administered intramuscularly, then 
intubated and placed on ventilator control with isoflurane gas, then positioned prone 
on the operating table, and sterily prepped. A longitudinal dorsal incision was made 
along the posterior angle of the right rib mass and the incision deepened to the inter-
costal muscles, which were retracted to expose the right rib mass (Figure 2·3a). The 
midline of the rib mass was identified and verified through fluoroscopy, and a thora-
costomy performed using a high-speed dental burr (Figures 2·3b and 2·3c). Expansion 
of the thoracostomy was achieved by inserting a laminar spreader to maximally ex-
pand the constricted hemithorax. A vertical distracting prosthetic, manufactured of 
PEEK plastic (polyether ether ketone) and modeled after cervical sublaminar hooks 
(Cervifix system, Synthes Spine; Westchester, PA) secured to a 3.5 mm diameter rod, 
was positioned within the thoracotomy to maintain expansion. The two opposing 
hooks were seated on opposite sides of the osteotomized rib mass and secured to the 
rod with set screws (Figure 2·3d). The incision was closed in layers around a chest 
catheter to prevent a tension pneumothorax and the rabbits were recovered in high 
oxygen with the chest catheter for up to 24 hours. For post-operative pain manage-
ment rabbits were administered Buprenex (0.03 mg/kg) immediately after surgery, 
and Meloxicam (0.2 mgjkg) the evening of and morning after surgery. 
Lengthening 
For Early treatment rabbits a prosthetic lengthening procedure was performed at 
11 weeks of age. In this procedure rabbits were anesthetized and prepped as in the pre-
vious surgery and likewise the rib mass with distracting prosthetic exposed. Increased 
distraction was performed by loosening set screws attaching the sub-costal hooks to 
the vertical rod and further expanding using a 3.5 mm rod distractor . Closure of the 
incision and post-operative care are the same as with the expansion thoracoplasty 
surgery. 
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(a) (b) 
(c) (d) 
Figure 2·3: Images from the expansion thoracoplasty surgery: (a) 
exposure of the right rib fusion mass; (b) A-P fluoroscopy of the exposed 
hemithorax identifying the rib fusion midline and the point of incision; 
(c) incision of the rib mass with dental burr; (d) secured prosthetic. 
2.2.3 Computed tomography imaging and analysis 
Serial CT scans of the thorax were obtained at 10, 14, and 28 weeks of age (Fig-
ure 2·4). Rabbits were intubated with a cuffed endotracheal tube, kept under isofl.u-
rane anesthesia and mechanical ventilation, and positioned prone on a Toshiba Aquil-
ion 64 scanner with resolution of 0.26x0.26 mm2 in the transverse plane and 0.3 mm 
slice spacing. After applying a sequence of deep inspirations to open regions of atelec-
tasis and to induce a brief period of apnea, a breath hold lasting 3-5 seconds at con-
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stant inspiratory pressure was maintained while the entire thorax was imaged. This 
procedure was repeated four times at incremental inspiratory pressures:O-t5-t15-t25 
cmH20. Left and right lung mass, left and right aerated lung volume, maximal spine 
deformity angle ( 8 M), thoracic rotation angle (TRA) , diaphragm surface area (SA), 
and static respiratory compliance were calculated as previously described (Chapter 1). 
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Figure 2 ·4: CT image reconstructions of a representative expansion 
thoracoplasty t reated rabbit at 28 weeks of age. The distracting rod 
and hooks are shown in the left and colored yellow, the inferior surface 
of the lungs is colored orange 
2.2.4 Pulmonary function testing 
At 28 weeks of age FVC was determined using the raised volume rapid thoracoab-
dominal compression technique (ATS, 2005) and is described in detail in (Chapter 1). 
Input impedance 
At 10, 14, and 28 weeks of age respiratory input impedance of the lungs was 
measured with the forced oscillation technique (FOT). Here rabbits were anesthetized 
and ventilated the same as when prepped for surgery. Rabbits were then placed in 
the supine position and using a Flexivent TM precision ventilator two deep inspirations 
were provided to open the airways after which a 20 second forced oscillation waveform 
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was applied at a positive end expiratory pressure (PEEP) of 4 cmH20, ventilation was 
resumed for 20 seconds between each maneuver and the waveform was applied 3 times. 
The process was repeated at PEEP of 8 cmH20. Tracheal pressure, Ptr , and flow V 
were recorded. Additionally at 28 weeks of age pleural pressure, P pl, was recorded 
through the use of an esophageal balloon. Impedance was calculated as the complex 
ratio of the Fourier transform of the pressure and flow signals for the total Respiratory 
system, ZRs = )ftjl, and accordingly for the partitioned lungs, ZL = F[P;[V;es], and 
chest wall, Zcw = )fvjl. Here F represents the Fourier transform operation. 
Each impedance curve was fit numerically to the standard constant phase model 
originally described by Hantos (Hantos et al., 1992), eq. (2 .1) , to estimate parameters 
representing Newtonian resistance, R, inertance, I, tissue elastance, H, and tissue 
damping, G. The theory behind respiratory impedance and the constant phase model 
are described in greater detail in Chapter 3. 
G-iH 
ZRs(w) = R + 'iwl + , 
wa 
where 
2 _1 H a= -tan -
7r G (2.1) 
This FOT procedure was performed on all treatment rabbits. Data on 4 Normal 
control rabbits was acquired for comparison. The tissue elastance parameter, H, is 
reported. 
2.2.5 Statistical evaluation 
Measurements of deformity, growth and deformity are compared between Normal, 
Disease, Early, and Late treatment groups first using analysis of variance (ANOVA) 
with Bonferroni post-hoc analysis. Significant differences are mentioned with p-values 
< 0.05, and p-values shown. Respiratory elastance was compared only between 4 
Normal rabbits and the Early and Late treatment groups, data for remaining rabbits 
was not acquired. To control for variation in final outcomes between groups due to 
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differences in the severity of the initial deformity between groups all measurements 
were also compared between Disease, Early, and Late treatment groups using analysis 
of covariance (ANCOVA) where the covariate is the degree of spinal curvature , 8 M, at 
6 weeks of age. Normal rabbits are dropped from this analysis as they are assumed not 
to have any spinal deformity at 6 weeks or otherwise. Bonferroni post-hoc analysis 
was again performed to distinguish differences between groups and differences are 
again mentioned with p-values < 0.05 . To evaluate our first hypothesis that expansion 
thoracoplasty will correct spinal deformity, increase the volume for the lungs to grow, 
and increase respiratory compliance above what is expected, significant differences 
between treatment groups to the Disease group from ANCOVA and ANOVA are 
considered. To evaluate the second hypothesis that the extent that pulmonary growth 
and function is restored by expansion thoracoplasty is proportional to the amount of 
lung growth potential remaining in each rabbits and thus rabbits treated at an earlier 
age will show greater improvements, differences between Early and Late treatment 
groups from ANOVA and ANCOVA are considered. 
2.3 Results 
After rib-tethering surgery at 3 weeks of age all rabbits recovered without inci-
dence. However , during recovery from expansion thoracoplasty surgery rabbits often 
fell into respiratory distress from pneumothorax shortly after removal from mechani-
cal ventilation. Additional care was taken in the recovery of these rabbits and a chest 
tube left in the wound closure for up to 24 hours, nevertheless 4 rabbits were lost at 
this timepoint; 2 from the Early treatment and 2 from the Late treatment groups, 
leaving 7 in both groups. Additionally in 2 more rabbits (1 Early and 1 Late treat-
ment) during CT imaging at the post-expansion thoracoplasty timepoint pulmonary 
edema was noticed in the right lung. These rabbits were provided with antibiotics 
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7weeks 11 weeks Total Distraction 
Distraction (em) Distraction (em l (em) 
Early treatment 2.04 (0.27) 0.69 (0.24) 2.72 (0.35) 
Late treatment --- 2.03 (0.18) 2.03 (0.18) 
Table 2.1: Length of chest wall distraction from expansion thora-
coplasty in treatment rabbits from initial placement of device at 7 
weeks in Early rabbits and 11 weeks in Late rabbits, and also from 
the additional lengthening at 11 weeks in Early rabbits. Mean (SD) 
are shown. 
and evaluated the following week at which point edema was no longer present, data on 
lung mass and volume in these rabbits was disregarded at these timepoints . Length 
of the expansion thoracoplasty distraction was measured upon CT imaging. The 
average length of distraction after each surgery is shown in Table 2.1, the total dis-
traction in Early treatment rabbits was an average of 0.69 em greater (134%) then 
Late treatment. Upon post-mortem examination treated rabbits frequently displayed 
mild pleural scarring with adhesions on the right lung. 
2.3.1 Progression of deformity 
All rabbits presented with a consistent and severe maximaml spine deformity 
angle, 8 M, immmediately after rib-tethering surgery. By 6 weeks if age however the 
spinal deformity was lessened in most rabbits and it was apparent that broken and/ or 
dislocated ribs has eased the constrictive force on the spine in a variable manner 
creating a range of spinal deformity in each group. 8 M of rabbits in each treatment 
group and also Disease and Normal control rabbits are shown in Figure 2·5A. Linear 
regression of 8 M at 6 weeks of age to 28 weeks of age is shown for each group in 
Figure 2·5B, correlation in Disease rabbits was strong (R2 =0.88, p < O.OOOl). The 
slope of the Disease regression was significantly greater than that of Early treatment 
rabbits (p<O.Ol) evaluated through ANCOVA. 
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Figure 2·5 : A) Maximal spine deformity angle, eM, in each Disease, 
Early treatment, Late treatment, and Normal rabbit evaluated in this 
study at 6 weeks of age. eM in disease rabbits at 6 weeks is signifi-
cantly greater than Normal rabbits (p<0.05) . B) Linear regression of 6 
week eM versus 28 week eM for each group, correlation coefficient for 
Disease rabbits is indicated. The slope of Early treatment rabbits is 
significantly less than that of Disease rabbits as measured by ANCOVA 
(p<0.01). 
eM and TRA measured throughout growth is shown in Figure 2·6. eM in Disease 
rabbits is greater than Normal at all timepoints (p<0.01) and by 28 weeks is greater 
than in both Early and Late treatment groups (p<O.Ol) . TRA is greater in Disease 
rabbits t han Normal and treatment rabbits only at 10 (p<0.05) and 14 (p<0.01) 
weeks of age. 
2.3.2 Somatic and pulmonary growth 
Progression of body mass and lung mass normalized by body mass is shown in 
Figure 2· 7. At 14 weeks of age Early and Late treatment rabbits had significantly 
reduced body mass from Normal (p<0.01). Normalized lung mass in Disease rab-
bits was less than Normal rabbits at 14 and 28 weeks (p<0.05) evaluated through 
ANCOVA. 
Lung mass and volume at TLC of the segmented left and right lung at each 
measured timepoint are shown in Figure 2·8. At 14 and 28 weeks right lung mass and 
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Figure 2·6: A) Progression of 8M deformity and B) Progression of 
TRA in Disease, Early treatment, Late treatment, and Normal rabbits. 
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Figure 2 ·7: A) Somatic growth of Disease, Normal, and treatment rab-
bits throughout development, and B) Lung mass normalized by body 
mass for each group at 10, 14, and 28 weeks of age. Statistically signif-
icant ly differences are indicated (* p<0.05, ** p<0.01, *** p<0.001). 
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volume in Early, Late and Disease groups was less than Normal rabbits (p<0.001). 
At 28 weeks right lung mass in Disease, Early, and Late rabbits was 72%, 71%, and 
73%, of Normal respectively, and right lung volume at TLC was 65%, 66%, and 64% 
respectively. At 28 weeks total lung mass of Disease, Early, and Late rabbits was 
82% (p<0.001), 81% (p<0.05), and 86% of Normal respectively, TLC (both lungs) 
was 75% (p<0.01), 80% (p<0.01), and 81% (p<0.05) respectively. 
There was no difference in FRC between groups. Gains in total lung mass between 
each measured timepoint is shown in Figure 2·9, here it is noted that Early and Late 
treatment rabbits had small or negative gains in lung mass between 10 and 14 weeks of 
age, however between 14 and 28 weeks of age gains were larger than Normal although 
not significantly. 
In Disease rabbits 8 M at 6 weeks was a strong predictor of the mass in the right 
lung (R2 = 0.80, p< 0.001) and total lung mass (R2 = 0.76, p< 0.001) by 28 weeks of 
age (Figure 2·10) , there was little correlation in Early (R2=0.00- right lung, R2 =0.11 
-both lungs) and Late (R2=0.41- right lung, R2=0.09- both lungs) treatment groups. 
The regression slope for right lung mass at both 14 and 28 weeks of age in Early 
treatment rabbits was significantly different from Disease rabbits (p<0.05) evaluated 
through ANCOVA. 
2.3.3 Respiratory function 
Mean FVC at 28 weeks in Disease, Early, and Late treatment rabbits was 74% 
(p<O.Ol), 70% (p<O.Ol), and 86% of Normal respectively, (Figure 2·11A). Diaphragm 
SA at 28 weeks in Disease, Early, and Late treatment rabbits was 86% (p<0.05), 80% 
(p<0.01), and 82% (p<0.01) of Normal respectively (Figure 2·12A). The regression 
slope for diaphragm SA in Early rabbits was significantly different from Disease rab-
bits (p<0.01) evaluated through ANCOVA. 
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Figure 2·8: (Top Row) Right lung mass and volume at each timepoint. 
(Bottom Row) Left lung mass and volume at each timepoint. 
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Figure 2·9: Comparison of total lung mass gains between each mea-
sured timepoint for each group. Significant differences between are 
indicated (* p<0.05). 
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Figure 2·10: Linear regression results predicting right, left, and total 
lung mass (from left to right) at 10, 14, and 28 weeks of age (top, 
middle and bottom rows) based on severity of deformity at 6 weeks of 
age. The Disease rabbit regression line and 95% prediction interval are 
shown in red along with the coefficient of determination and p-value 
when p< 0.05. Each Early and Late treatment rabbit is marked and the . 
best fit regression line shown. The slope of Early treatment group in 
the right lung is significantly greater from that of the Disease group at 
14 and 28 weeks (p<0.05). The black dashed line is set at the expected 
mass for Normal rabbits. 
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Figure 2·11: A) Comparison of FVC means between groups, statisti-
cal significance is indicated(* p<0.05, **p<O.Ol). B) Linear regression 
of FVC at 28 weeks of age with deformity at 6 weeks of age. Regression 
for each group is shown and 95% prediction intervals and regression co-
efficient is shown for Disease rabbits. The black dashed line is set at 
the expected FVC for Normal rabbits. 
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Figure 2·12: A) Comparison of diaphragm SA between groups, statis-
tical significance is indicated (*p<0.05, **p<O.Ol). B) Linear regression 
of diaphragm SA at 28 weeks of age with deformity at 6 weeks of age. 
Regression line for each group is shown and 95% prediction intervals , 
regression coefficient and p-value is shown for Disease rabbits. The 
slope of Early treatment rabbits is significantly different then that of 
Disease rabbits (p<0.05). The black dashed line is set at the expected 
diaphragm S.A. for Normal rabbits. 
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Figure 2·13: Respiratory system elastance, H, at 10, 14, and 28 weeks 
of age estimated from perturbation around A) PEEP 4 and B) PEEP 
8. Significant differences are indicated (*p<0.05, **p< 0.01). 
model was significantly greater than Normal in Early treatment rabbits at each mea-
sured time point and greater than Late treatment rabbits at 10 wks of age (Fig-
ure 2·13). Tissue elastance in Late treatment rabbits was greater than Normal at 14 
wks of age. Significant differences were not observed at PEEP 8. No differences were 
detected in other estimated parameters; R, I, rJ. 
Elastance partitioned into the pulmonary and chest wall components at 28 weeks 
of age (Figure 2·14) show differences in respiratory elastance between groups are due 
to the chest wall. At PEEP 4 the Early treatment rabbits had greater chest wall elas-
tance than both Normal and Late treatment rabbits. Elastance values normalized by 
total lung mass produced similar results. In the static respira~ory pressure-volume 
curves the best-fit parameters to the Salazar-Knowles model were not different be-
tween groups. 
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Figure 2·14: Partitioned respiratory, pulmonary, and chest wall elas-
tance, H, at 28 weeks of age estimated from perturbation around 
(A) PEEP 4 and (B) PEEP 8. Significant differences are indicated 
(*p<0 .05, **p<0.01) . 
2.4 Discussion 
We had previously developed a rabbit model as a representation of TIS from EOS 
with fused ribs by surgically tethering right ribs 3-9 of 3 week old rabbits (Chap-
ter 1). This procedure produced a progressive spinal deformity with a large range 
in severity at maturity; between 30 and 126 degrees. This deformity was associated 
with inhibited chest wall mechanics and inhibited growth of the right lung the extent 
at which this occurred upon maturity was largely predictable based on spinal defor-
mity angle measured at 6 weeks of age. Additionally it was found that rabbits with 
a severe deformity (defined as a spinal curvature in excess of 50 by 6 weeks of age) 
displayed significantly reduced FVC (by 30%) , body weight (by 15%), total lung mass 
(by 30%), and TLC (by 21%) as compared to a cohort of Normal control rabbits. In 
the current study we have sought to use this rabbit deformity model as a testbed 
to evaluate the hypotheses that 1) surgical expansion of a constricted chest wall will 
increase thoracic volume to induce additional lung growth and through reorientation 
of the thorax toward Normal will improve respiratory function, and 2) the extent to 
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which surgical expansion can improve lung growth is proportional to the remaining 
growth potential in the rabbit, and thus the age of the rabbit at surgery, by comparing 
Early and Late treatment cohort of rabbits treated at either 7 or 11 weeks of age. In 
our rabbit model expansion thoracoplasty was able to correct thoracic deformity, but 
was associated with additional impairment to lung growth and respiratory function 
and thus may only provide improvements to expected lung growth in cases of severe 
deformity with a poor prognosis. Expansion thoracoplasty in Late treatment rabbits 
showed better respiratory elastance than Early treatment rabbits but there were no 
detectable differences in growth between these two groups. 
This study was limited in making strong conclusions on the effects of pulmonary 
growth between Early and Late treated rabbits due to limited numbers, but also 
due to the lack of severity of the initial thoracic deformity of rabbits in our treat-
ment groups. In our previous study we found that rabbits with spinal deformity of 
over 50° produced a significant reduction of pulmonary growth and impairment in 
function, however only 2 rabbits in the Early group exceeded this criteria and no 
rabbits from the Late group did. Thus groups could only be compared based on 
trends from linear regression statistics. Additionally the effects of surgical trauma 
were not controlled for and thus the negative effects associated with expansion tho-
racoplasty cannot be delineated as occurring due to surgical trauma or to mechanical 
impairment associated with remodeling of the chest wall. Direct measures of respira-
tory insufficiency were not measured through DLCO, and the important question of 
compensatory alveolar growth was not directly evaluated through post-mortem his-
tology. Evaluation of histo-morphometry was attempted however this data could not 
be presented due to the extent of processing artifact. Nevertheless some conclusions 
can be drawn based on regression trends on how remodeling the chest wall through 
expansion thoracoplasty may affect pulmonary growth and respiratory function. 
49 
Lung growth was inhibited in Late treatment rabbits around the time which ex-
pansion thoracoplasty occurred, between 10 and 14 weeks, some of this may be due 
to surgical trauma however it may also be due to negative consequences of thoracic 
remodeling. In Late treatment rabbits diaphragm surface area was reduced below 
that expected based on initial deformity, thus although the longitudinal length of the 
right hemithorax is increased, the cross section appears to have decreased and likely 
limited immediate improvements in growth. However, subsequent improvements in 
lung mass between 14 and 28 weeks indicates that the inhibited growth is temporary 
and may be a result of pleural effusion or recovery from pneumothorax injury. Sim-
ilarly children treated with expansion thoracoplasty have shown decreased expected 
FVC measured, on average, by 8 months after initial operations (Mayer and Redding, 
2009), long term clinical follow-up data has yet to be reported. 
In all treated rabbits the relationship between initial deformity and lung growth by 
maturity is not significant, compared to Disease control rabbits where initial deformity 
was a very strong predictor of lung growth. Expansion thoracoplasty effectively resets 
the deformity history in these rabbits; the outcomes of all rabbits are similar regardless 
of the severity of initial deformity. Rabbits with only moderate deformity achieve less 
growth than expected and those with severe deformity achieve more growth than 
expected. Disregarding other functional outcomes a threshold can be applied based 
on the severity of initial deformity from which one can predict if the benefits of 
expansion thoracoplasty might outweigh the detrimental effects, based on the chart 
of 28 week lung growth vs. initial deformity (Figure 2·10), this threshold is near 45° 
for Early treatment rabbits. Such absolute rules are not recognized clinically due to 
the large variability in the quality of deformity in these patients, however deformity 
angle is a parameter with strong clnical influence and such a threshold is naturally 
considered in practice. 
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In our rabbits expansion thoracoplasty procedure has been associated with in-
creased respiratory inhibition. Relative elastance in Late treatment rabbits increased 
after expansion thoracoplasty. This is not surprising as the forced distraction of the 
chest wall is sustained by increased tension supplied by the highly non-compliant dis-
tracting rod. The increased elastance decreases the dynamic range of respiration such 
as can be seen by the decrease in FVC in Early treatments rabbits. Additionally the 
decreased surface area of the diaphragm implies an increased elastance through the 
abdominal pathway as increased pressure on a smaller diaphragm will be necessary 
to produce the equivalent force of a larger diaphragm, this force to necessary to move 
the abdomen. All respiratory measures here were determined from passively ven-
tilated rabbits; compared to active spontaneous respiration mechanically ventilated 
subjects produce a relatively larger displacement through the rib cage compared to 
the diaphragm (Grimby et al., 1975), under normal spontaneous breathing however 
compliance through the diaphragm and abdomen dominate respiratory action. How 
the restrictive chest wall effects mechanics under spontaneous respiration requires 
further study. 
In conclusion the benefits of expansion thoracoplasty to improved respiratory func-
tion remain a mystery, although our model has shown that this procedure may im-
prove lung growth above what is expected in cases of severe deformity, this may come 
at the cost of increased respiratory elastance and impaired diaphragmatic function . 
A further evaluation of expansion thoracoplasty on subjects with a more severe initial 
deformity is necessary to truly determine how these patients may benefit. Quantifi-
cation of absolute respiratory potential through DLCO should be considered to truly 
determine if expansion thoracoplasty is beneficial. Additionally, if it is found that 
expansion thoracoplasty significantly reduces the thoracic cross-section or inhibits di-
aphragmatic function in more severely afflicted subjects, then alternative treatment 
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protocols should be developed with the intent of increasing the height and circumfer-
ence of the thoracic wall. 
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Chapter 3 
Evaluation of Local Pulmonary Mechanics using CT-DIR and Impedance 
Spectra Analysis in a Rabbit Model of Restrictive Chest Wall Disease 
3.1 Introduction 
The forced oscillation technique (FOT) is perhaps the most sophisticated method 
of in-vivo mechanical respiratory function testing (Bates and Suki, 2008) in research 
and in the clinic. This method measures the respiratory system impedance, a sim-
plified yet complete dynamic representation of respiration in the context of linear 
systems modeling, which is typically presented as the respiratory elastance and re-
sistance as functions of perturbation rate. The constant-phase model provides the 
most appropriate fit to low frequency perturbations allowing the partition of mechan-
ics largely associated with flow through the airways from those associated with the 
tissue response (Hantos et al., 1992). Importantly in this model the frequency de-
pendent response of resistance is completely described through tissue viscoelasticity 
as characteristic of power law decay (Bates et al., 1994; Hildebrandt, 1969). 
Frequency dependent resistance is not accounted for in the ubiquitous single com-
partment model, consisting of a lumped Newtonian resistance and elastance element 
in series. The source of this frequency dependence has been the root of speculation 
through the last 60 years and has been recognized as due to 1) elastic shunt through 
the airway walls (Mead, 1969), 2) pathway heterogeneity (mismatched pathway phase) 
through the respiratory tree (Otis et al., 1956), and finally 3) tissue viscoelasticity 
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(Mount, 1955). Tissue viscoelasticity has been shown to be the dominant source of 
frequency dependence in healthy lung tissue through the alveolar capsule technique 
in which impedance across the peripheral alveolar tissue is directly measured (Bates 
et al., 1988). Effects from elastic shunt and pathway heterogeneity appear to be 
significant only in certain disease conditions such as has been shown in asthma or 
emphysema (Lutchen et al., 1996; Ito et al., 2004). 
Nevertheless the identification of respiratory heterogeneity is of great interest par-
ticularly for the sensitive recognition of disease progression; pulmonary pathogenesis 
likely occurs in discrete and relatively small regions that have minimal influence on 
overall respiration and thus may be unrecognized through spirometry or homogeneous 
parameter models. For this purpose the frequency dependent character of respiratory 
impedance due to pathway heterogeneity can be discerned from the power law de-
crease associated with tissue viscoelasticity through the heterogeneous constant phase 
model (Ito et al. , 2004; Suki et al., 1997). Heterogeneous changes may be modeled 
as due to tissues, as elastic heterogeneity, or due to the airways, as Newtonian resis-
tance heterogeneity; either effectively creates mismatched pathway phase, thus the 
mechanical origin of heterogeneity is obscured through respiratory impedance analysis 
alone. 
Alternatively with computed tomography deformable image registration (CT-
DIR) regional pulmonary deformation is quantified by matching CT images acquired 
at known phases of the respiratory cycle to produce a trajectory map for each imaged 
voxel of the lungs (Yin et al., 2009), local mechanics are then quantified as the specific 
Volume (sVol = l:i V/Vo) calculated via the Jacobian operation (Castillo et al., 2010). 
s Vol identifies local alveolar expansion and the proportion of alveolar recruitment for 
ventilation (Fuld et al., 2008). Although originally developed for clinical use in radi-
ology oncology to track the motion of tumors throughout respiration (Guerrero et al., 
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2004) it is a valuable research technique to visualize heterogeneous mechanics and 
ventilation patterns as demonstrated in animal studies of acute lung injury (Guerrero 
et al., 2007; Kaczka et al., 2011). In one previous study comparing CT-DIR and 
FOT these methods were found to be largely complimentary in the characterization 
of acute lung injury as heterogeneity in the FOT is sensitive to dynamic pathway 
interactions while CT-DIR on breath hold images quantifies static tissue mechanics 
(Kaczka et al., 2011). Nevertheless static mechanical variations reported by CT-DIR 
should influence apparent respiratory impedance as described by the constant phase 
model (Hantos et al. , 1992). In this study we attempt to link the structure affecting 
static respiratory mechanics and dynamic function with these two tools to further 
validate respiratory impedance as a sensitive measure of heterogeneity and also to 
characterize how specific structural distributions may affect respiratory impedance. 
In the present study we first evaluate the FOT and CT-DIR techniques inde-
pendently on a series of rabbit models with restrictive chest wall disease previously 
described in Chapters 1 and 2. These rabbits exhibit a range of thoracic deformity 
with a significant asymmetry of growth and mechanical function between the right 
and left lung (Figure 3·1). Second we evaluate the sensitivity of the heterogeneous 
constant phase model (inverse model) to detect differences in tissue compliance het-
erogeneity with a forward-inverse modeling approach. Here a 2-compartment forward 
model is used to simulate the heterogeneous mechanics. Sensitivity of the inverse 
model to detect tissue heterogeneity is evaluated as the compliance along each path-
way diverges under the following conditions 1) constant airway properties and 2) 
with the additional presence of elastic shunt to represent system uncertainties. Fi-
nally tissue sVol distributions obtained in our rabbit CT-DIR results are used in a 
large multi-compartment forward model as a representation of heterogeneity in tissue 
compliance, this forward model is directly compared to empirical impedance from the 
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FOT. 
3.2 Methods 
3.2.1 Rabbit models 
Rabbit models are presented in detail in Chapters 1 and 2, they are briefly de-
scribed here. 
Chest wall deformity (Disease rabbits) 
An early onset chest wall deformity rabbit model was created by surgically teth-
ering right ribs 3-9 in 3 week old rabbits when they are approximately 20% of full 
grown body mass. This resulted in a solid right rib cage fusion mass by 6 weeks of age 
with a maximal spine deformity angle ranging between 20-70 degrees and progressing 
to deformities of 30-120 degrees by skeletal maturity (28 weeks old) with reduced 
lung growth and respiratory compliance proportional to the severity of deformity. 
Asymmetric ventilation mechanics are noted between the right and left lungs of these 
rabbits (Figure 3·1). There are 10 rabbits in this group; however only 2 of these were 
evaluated with FOT all were evaluated with CT-DIR. 
Expansion thoracoplasty treatment (Treatment rabbits) 
Like the Disease rabbits these rabbits underwent a unilateral rib cage fusion 
surgery at 3 weeks of age. Additionally at either 7 (Early treatment) or 11 weeks 
(Late treatment) of age an expansion thoracoplasty surgery was performed where the 
solid rib fusion was surgically incised, distracted, and stabilized with a longitudinally 
oriented implant. Early rabbits were also revisited at 11 weeks of age to further ex-
pand the distracting implant consistent with growth of the rabbit. The purpose of the 
expansion procedure is to correct the associated spinal deformity, return volume to 
the thorax, and induce compensatory lung growth. This procedure corrected spinal 
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curvature, but provided limited gains in lung growth and actually increased chest wall 
elastance. Like Disease rabbits a functional asymmetry between left and right lungs 
is noted (Figure 3·1) . There were 14 total rabbits in this group; 7 Early Treatment 
and 7 Late Treatment, all were evaluated with FOT and CT-DIR. 
Additionally 7 healthy rabbits were followed as Normal control rabbits, 4 were 
evaluated with FOT and 7 with CT-DIR. Representative CT reconstructions of rabbit 
lungs from each group are shown in Figure 3·2. 
1.0 *** *** 
• Disease 
• Normal 
Treatment 
Figure 3·1: Inspiratory capacity (IC) normalized by total lung capac-
ity (TLC) is presented as an intrinsic measure of lung mechanics for 
Disease, Normal, and pooled Treatment rabbits. Paired t-tests show 
significant differences in left and right lung mechanics for Disease and 
Treatment rabbits (p<0.0001). On average the left lung of disease and 
treatment rabbits have 91% and 94% the mechanical range of the right 
lung, respectively. 
3.2.2 Computed tomography deformable image registration (CT-DIR) 
Imaging 
At 28 weeks of age rabbits were anesthetized, intubated, placed under ventilator 
control on 1-2% isofl.urane gas and set prone on the CT table; heart rate and oxygen 
saturation was monitored through pulse oximetry. Once a stable heart rate and 
oxygen saturation was verified the rabbits were given 2 deep forced inspirations to 
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Normal Disease Treatment 
Figure 3 ·2: CT reconstruction images of lungs from a representative 
Normal, Disease, and Treatment rabbit. 
induce apnea and airway pressure was held stable at 0, 5, 15, and 25 cmH20 while 
thoracic CT imaging was acquired on a 64-slice Toshiba Aquilion scanner at 0.3 mm 
resolution. 
Processing 
CT-DIR was performed with custom software (Yin et al. , 2011) on each adjacent 
set of breath hold CT images to track the voxel by voxel trajectory of parenchymal 
lung tissue as they were inflated from 0 to 5, 5 to 15, and 15 to 25 cmH2 0 respiratory 
pressure. These three phases are henceforth referred to as initial, mid, and end-
inspiratory phases respectively. Local specific volume ( s Vol) was calculated through 
the Jacobian, J , of the local trajectory field as t he change in volume normalized 
by the initial volume where sVol = t~ = J- 1 (Castillo et al. , 2010). Results 
from this registration are validated by comparing the total change in volume of the 
lungs between inflation pressures as measured from CT segmentation to t he change 
in volume calculated from Jacobian strains over the entire lung, D. V = '2:::{:1 s V ali * 
Vvaxet, here N is the number of lung voxels in the image. Very high correlations are 
expected (Figure 3·3). 
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Analysis 
The s Vol mean and variance was calculated for each rabbit at each inspiration 
phase. Each was compared between groups through ANOVA with Bonferroni post-
hoc test . Mean and variance of s Vol were also correlated against the severity of 
spine curvature produced in each rabbit . sVol mean and variance between the left 
and right lung were compared in each group at each phase through paired t-test, the 
ratio of right to left is reported as a measure of functional asymmetry. The lungs 
of each rabbit were then partitioned into 5 gravity dependent regions from the spine 
to sternum and the average sVol for each group plotted as a function of height . 
Changes from dorsal to ventral within each group are evaluated with paired t-test. 
Simple linear regression was performed on s Vol with the covariate as position within 
the lung; height from the CT table (dorsal to ventral direction) , and separately as 
the left or right lung (Marcucci et al. , 2001). The average coefficient of determination 
is presented for each group and is interpreted as a measure of the overall variability 
within the sVol distribution due to position. Significant differences are indicated 
(p<0.05). 
80 
c 
.~ 60 
..c 
0 
u 40 (13 
--I 
> 20 
<l 
0 
0 20 40 
• 
y = 0.94x + 0.32 
R2 = 0.99 
60 
!l V- Segmentation 
80 
Figure 3·3: Comparison of change in lung volume between incremental 
inspiratory pressures measured on segmented CT images vs. the sum 
of calculated sVol for each voxel in the image. Correlation of 0.99 
indicates excellent image registration. 
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3.2.3 Forced oscillation technique (FOT) 
FOT maneuver and signal processing 
Within 1 week of CT imaging each rabbit was again anesthetized, intubated, 
ventilated and stabilized in the supine position. 2 deep inspirations were given to 
the rabbit before a 20 second forced oscillation waveform was applied containing the 
following prime no-sum no-difference frequencies; 0.25, 0.625, 1.375, 2.375, 3.875, 
7.375, and 12.875 Hz (Figure 3·4). The relative phase of each frequency was arranged 
in the manner of the optimal ventilation waveform (OVW) (Lutchen et al., 1993) 
under a positive end-expiratory pressure (PEEP) of 4 cmH20. The oscillation was 
applied 3 consecutive times with a short 10-second period of normal ventilation in 
between. Ventilation was resumed for one minute and the process repeated with 
a PEEP of 8 cmH20. Flow (V), tracheal pressure (Ptr), and esophageal pressure 
(Pes) were recorded and input impedance defined as the complex ratio of the Fourier 
transform of the pressure and flow signals for the total respiratory system, ZRs 
F[Ptr] t"t" d l Z - F[Ptr-Pes] d t"t" d h t ll Z - F[Pes] A F[VJ , par 1 10ne ungs, L - F[VJ , an par 1 1one c es wa , cw - F[VJ . 
median sternotomy was then performed and the chest walls distracted to expose the 
lungs. The forced oscillation waveform protocol was applied again at PEEP 4 and 8 
to measure the input impedance across the exposed lungs, Zopen = -J~l. Here F[] is 
the Fourier transform operation. Analysis was performed over 2 periods in the signal 
(16 seconds) with the first 4 seconds of data discarded to eliminate any transient 
system response from the pre-FOT ventilation. 
In practice impedance is calculated as the ratio of the pressure-flow cross spectral 
density to the flow auto spectral density as Z = ~P,v, where spectral density is 
v ,v 
averaged from the spectral density of several evenly spaced and overlapping time 
windows, eq. (3.1), each of which spans a single period (8 seconds) and cumulatively 
span the entire 16 seconds. This is done to reduce signal noise. Throughout this 
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analysis the number of overlapping windows, N, was set to 10. 
The amount of influence in the system due to noise or nonlinearities is quantified 
through the coherence function at each frequency, eq. (3.2) . A coherence value of 1 
implies a perfectly linear system with the output completely determined by the input 
function and a value of 0 implies that there is no relation between the input and 
output. 
1 N 
CA,B = N :L F[A]F[B]*; where A and B are arbitrary functions in time 
i=l 
(3.1) 
c~v(w) 
<P(w) = , . 
CP,P(w)Cv,v(w)' where w is frequency (3.2) 
Inverse modeling 
The constant phase element, eq. (3.3), is currently accepted as the most appropri-
ate to describe the mechanical response of healthy lung and chest wall tissue below 
20Hz (Hantos et al., 1992; Suki et al., 1994). It is a frequency space representation of 
the power law, eq. (3.4), which describes the stress relaxation in an inflated balloon 
(Hildebrandt, 1969) and also in excised lung tissue strips (Bates et al., 1994) . The 
parameters G and H represent the in phase (tissue damping) and out of phase (tissue 
elastance) components of the power law respectively, as shown in eqs . (3.5) to (3.7) . 
It should be noted that in this formation both G and H have the same units, and 
in order to avoid using units of time raised to an irrational power (as described by 
wa) frequency is made into a unitless variable by normalizing first with W 0 = 1 Hz 
(thus wfwo--+ w). It is significant that this model also treats elastance and damping 
in constant proportions across all frequencies providing for a frequency independent 
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Figure 3·4: Top: FOT volume ventilation waveform t ime signal and 
spectral power IF[V]I . Bottom: Example of resultant airway pressure 
t ime signal and spectral power IF[ P tr ]I , a small cardiac art ifact is seen 
near 3Hz. 
hysteresistivity ratio, TJ, eq. (3 .9); a cornerstone in modern respiratory mechanics 
(Fredberg and Stamenovic, 1989) . 
G- j H 
Zt =---
wo: 
where j is t he imaginary number 
where P0 and (3 are constants 
(3.3) 
(3.4) 
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F[Por 13 ] = P0 f(1- (3)(jw) i3-l 
=> P0 f(a)(jw)-a; where a = 1 - (3 
1r G = Pof(a)cos(a2) 
H = P0f(a)s'in(a~) 
2 - 11 
a= -tan - < 1 
1r rJ 
G 
rJ =-H 
(3.5) 
(3.6) 
(3.7) 
(3.8) 
(3.9) 
In the complete homogeneous constant phase model of respiratory impedance, 
eq. (3.10), lumped elements to describe the viscous and inertive characteristics of 
the lung are placed in series with the constant phase tissue element, here R is the 
Newtonian resistance coefficient , and I is the inertance coefficient. These parameters 
are largely representative of airflow properties. 
G-jH 
ZRs = R + jwl + ---=---
wa 
(3.10) 
Equation (3.10) is the standard form of the homogeneous constant phase model. 
Here the effective resistance, eq. (3.11), and effective elastance, eq. (3.12), are defined 
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as follows: 
EeJJ(w) = -2w * Im[ZRs] 
X(w) = Im[ZRs] 
G 
=R+-
wa 
2H 2 
=-- -2w I 
war-1 
H 
=wl--
wa 
(3.11) 
(3.12) 
(3.13) 
Equation (3.11) clearly shows a frequency dependent attenuation of Ref f as due 
to viscoelastic properties intrinsic to soft tissues, this decay is constrained to the form 
of the power law with a rate dependent on ry ; as TJ increases a becomes smaller and 
the decay rate of tissue elastance and resistance with frequency lessens, producing 
a flattened curve. Additionally, frequency dependent resistance may occur due to 
mechanical heterogeneity in the lungs producing a response that is not described by 
the homogeneous model (Lutchen et al., 1996) and may not be noticeable in healthy 
lungs (Bates et al., 1988). Although the homogeneous model, eq. (3.10), does not 
account for system heterogeneity, an increased heterogeneity may be recognized by a 
larger residual fitting error (Lutchen et al., 1996) and also by an apparent increase in 
ry (Bates and Allen, 2006) as heterogeneity tends to flatten the resistance spectra. 
The source of heterogeneity may be modeled specific to the disease condition, re-
sulting from non-uniform constriction of the peripheral airways (Kaczka et al. , 2009), 
apparent as heterogeneous Newtonian resistance R, or heterogeneous tissue elastance, 
E (Ito et al., 2004). Either mechanism would create a mismatched phase shift be-
tween pathways in the respiratory system, adding further complexity to the power 
law form of impedance. Here a pathway represents the flow impedance between the 
airway opening and any point at the chest wall surface where flow is terminated and 
pressure is uniformly atmospheric, and phase shift is defined as the phase difference 
between the flow and pressure signals at any particular frequency, eq. (3.14). The 
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respiratory phase here should be distinguished from that of the constant phase model, 
which refers only to the phase of the tissue element, eq. (3.9), tissue phase is assumed 
to be frequency invariant. When the respiratory phase profile is identical between 
pathways the system simplifies to the homogeneous model, even though pathway 
gains may be dissimilar, eq. (3.15). 
_ 1 (Im[ZRs]) 
Phase= tan Re[ZRs] (3.14) 
Ga'in = y'Im[ZRsJ2 + Re[ZRsJ2 (3.15) 
Forward modeling has shown that mild heterogeneity presents small changes to 
the impedance spectra and thus may not be detectable in the presence of noise or 
other un-modeled influences and likewise very severe heterogeneity may effectively re-
duce the functional volume of the lung without changing the nature of the impedance 
curve if impedance gains along the heterogeneous pathway are so large that flow is 
completely shunted away (Lutchen et al. , 1996). Nevertheless heterogeneity can be 
modeled in the simplest fashion by adding a second identical impedance pathway in 
parallel having either a varied newtonian resistance or tissue elastance, thus adding 
only one variable (Lutchen et al., 1996; Bates and Allen, 2006). This concept is ex-
tended in the distributed constant phase model (Ito et al., 2004) where distribution of 
constant phase pathways arranged in parallel are described with constant parameters 
except tissue elastance which is continuously distributed as defined by an elastance 
probability distribution P(H), eq. (3.16). Similarly this model can be arranged to 
present distributed airway resistance (Suki et al., 1997). 
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Hmax 
J P(H) )-1 ZRs(w) = ( R+ jwi + ~ 
Hmin 
(3.16) 
P(H) is characterized by the form of distribution and by the upper, Hmax, and 
lower, Hmin, limits of the distribution, eq. (3.17). 
I /f7 , Hmin < H < Hmax P(H) = 0, otherwise 
Here K is a normalization factor such that J::;::"' P(H) = 1. 
(3.17) 
The form of distribution is determined by the parameter/, eq. (3.17), which 
is -1 (linear distribution), 0 (uniform distribution), or 1 (hyperbolic distribution) 
(Figure 3·5). Thus elastance is now described in the heterogeneous model, eq. (3.16) , 
by 2 parameters instead of 1 in the homogeneous constant phase model, eq. (3.10). 
This model provides a better fit to input impedance in diseases of heterogeneous 
mechanics and may be preferred to the homogeneous model (Ito et al., 2004; Kaczka 
et al., 2009). 
- - Hyperbolic 
---·---- Uniform 
--····Linear 
::c 
-a.. 
Hmin Hmax 
H - elastance 
Figure 3·5: Elastance distribution forms used to estimate tissue elas-
tance with the heterogeneous constant phase model. 
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The third and last proposed source of frequency dependent resistance is due to 
airwall shunting compliance, as originally described by Mead (Mead, 1969). In this 
model a purely elastic element representing airwall distensibility is arranged in parallel 
with the normal respiratory impedance pathway (Figure 3·6). As frequency increases 
the relative impedance gain of the constant phase pathway increases and additional 
flow is shunted into the airwall pathway creating a characteristic drop in resistance 
and rise in elastance. This mechanism may not be significant in the normal lungs, 
but has been shown to become more important during peripheral airway constriction. 
c, .. I 
Figure 3·6: Homogeneous constant phase model of the respiratory 
system with a shunting compliance in parallel to simulate airwall dis-
pensability. 
Analysis 
Coherence, eq. (3.2), of each FOT perturbation was evaluated and frequencies 
with coherence less than 0.95 were dropped, the rest were ensemble averaged for each 
rabbit and each PEEP. Frequencies around the rabbit heart rate (2.375 and 3.875) 
are occasionally discarded by this criterion. The homogenous model was fit to ZRs, 
ZL, Zcw, Zopen for each rabbit and PEEP by minimizing the root mean square 
(RMS) differences between the measured impedance and the model impedance spec-
tra. Best-fit parameters for R, I, G, H, and 'rJ are reported for each group along 
with the fitting error. Likewise the homogeneous model with an airwall shunt com-
pliance pathway (Figure 3·6) was fit to ZRs and Zcw and the relative fitting errors 
compared to the standard homogenous model. Lastly all impedance spectra were fit 
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to the heterogeneous model with hyperbolic distribution and the resultant elastance 
mean, range, and fitting error presented. The hyperbolic distribution was chosen as 
it was found to numerically converge upon the correct solution more readily and no 
differences were found between the fit of each of the distributions. Akaike weight crite-
rion (Wagenmakers and Farrell, 2004) was used to evaluate the appropriateness of the 
homogeneous model compared to the airwall shunt model and heterogeneous model. 
All results were compared between the Normal, Early treatment, and Late treatment 
groups by ANOVA with Bonferroni post-hoc analysis. Statistical comparisons were 
not made on Disease rabbits here since only 2 were evaluated with FOT. 
3.2.4 Forward-inverse modeling 
Two-compartment forward model 
This model was used to simulate the effects of increasingly divergent heterogeneity 
and consists of 2 parallel pathways each with a Newtonian resistance and inertance 
element in series with the constant phase tissue element (Figure 3·7) as in eq. (3.10). 
Pathway parameters are constrained so that system resistance, inertance, and tissue 
compliance are constant in the absence of other parameters, eqs. (3.18) to (3.20). The 
total values were set to be similar to that calculated from the respiratory impedance 
with the Homogeneous constant phase model in a Normal rabbit ; Rsys = 0.012 , 
Isys = 0.00015, Hsys = 0.2, and 'T/ = 0.25. Elastance was converted to units of 
compliance, Ceff = 1/ H = 5, so that units are comparable to sVol as measured in 
CT-DIR. 
N 
Rsys = 1/L~ 
i=l 
i=l 
N 
Csys = LCi 
i=l 
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Figure 3·7: Distributed network of constant phase elements with N 
parallel pathways. In the 2-compartment model N=2. 
(3.18) 
(3.19) 
(3.20) 
Increasing heterogeneity is simulated by increasing the compliance spread, dC = 
C2 - C1 , between the two pathways. The spread, dC, is increased from 0 to 5 in small 
increments thus slowly changing from a completely homogenous system to varying 
severity of heterogeneity and ultimately back to a homogeneous system as one path-
way approaches 0 compliance (infinite impedance) and all flow is shunted into the 
remaining pathway, eq. (3.21) . At each increment the best fit inverse solution for 
the homogenous model and the heterogeneous model with the uniform, linear, and 
hyperbolic distributions are determined and the resulting fit errors and calculated 
compliance range reported for each as a function of the forward model compliance 
spread, dC. 
69 
C12=5±dC; 
I 
0:::; dC:::; 5 (3 .21) 
The 2-compartment forward model is evaluated again in the same manner but this 
time with an extra pathway representing airwall distensibility, Figure 3·8. The airwall 
compliance is set to a 100th that of the lungs, Caw = 0.05. The fitting errors and 
compliance range are again shown for each inverse model. The purpose of evaluating 
this forward model is to witness how sensitivity of the inverse heterogeneous model 
changes when complexity unknown to the inverse model is added to the system. 
Lastly the 2-compartment model is evaluated without an airwall shunt but with 
varying resistance, R, and inertance, I, along with compliance in each pathway so 
that the phase along each pathway, eq. (3.14), will remain constant when w = 0.5, this 
frequency is chosen as it is near the normal breathing frequency of a rabbit. Since 
the effect of inertance is increasingly significant a slight phase difference between 
pathways will still occur at higher frequencies. The purpose of this forward model is 
to exhibit how it is possible for the respiratory system to adapt to regional variance in 
tissue properties, and how this may limit the effectiveness of the inverse heterogeneous 
model. 
Model fitting error was evaluated at the same perturbation frequencies used in 
the FOT; 0.25, 0.625, 1.375, 2.375, 3.875, 7.375, and 12.875 Hz. 
CT-DIR based forward model 
A large N-compartment forward model to simulate respiratory impedance was 
again developed with the topology of Figure 3· 7. Here individual pathway compli-
ance values are described based on the empirical sVol data acquired with CT-DIR. 
Pulmonary regions are sampled in cubes with 1.5 mm sides covering the entire volume 
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c3 .. L-------il f------1111!· 
Figure 3·8: Distributed network of constant phase elements with N 
parallel pathways, including one airwall shunt pathway. In the 2 com-
partment model N=2. 
of the lung with no overlap. s Vol is converted into units of specific compliance by 
normalizing over the pressure range that the CT imaging was performed. As in the 
first 2-compartment model the airway parameters and hysteresistivity were kept con-
stant along each pathway and the system values normalized to match those calculated 
via the inverse homogeneous model, eq. (3.10). This recreates the best-fit estimate 
of the homogeneous model with additional pathway heterogeneity described by s Vol 
distributions, an independently acquired measure of respiratory heterogeneity. The 
forward calculated impedance spectra were compared to the empirical respiratory 
impedance and RMS fitting error is presented as compared to that of the inverse 
homogeneous model, as calculated in the previous section. This analysis was per-
formed for each rabbit at PEEP 4 and 8 using the sVol distributions acquired at 
mid-inspiration. 
A similar forward model was repeated this time however the compliance distribu-
tion was forced to be first a Gaussian distribution and then a lognormal distribution. 
Distribution mean and variance were described by the mean and variance of the 
sVol distribution for each rabbit. The RMS fitting error for each of these models to 
-a 
c 
L.U 
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Normal Disease Treatment 
Figure 3·9: Coronal CT image overlaid with the DIR derived dis-
placement map. Vectors show the incremental displacement across a 
single phase of respiration. Representative subjects from the Normal, 
Disease, and Early Treatment group are shown (left to right) at each 
of 3 measured inspiratory phases (top to bottom). 
empirical data is compared. 
3.3 Results 
3.3.1 CT-DIR 
Typical CT-DIR results are presented for a Normal, Disease, and Early treatment 
rabbit in Figures 3·9 and 3·10; a representative coronal slice showing the displacement 
map produced directly by CT-DIR and the derived sVol heat map of the same rabbits, 
this time shown in the transverse plane. All three inspiratory phases are shown for 
each of the 3 representative rabbits. 
"'0 
c 
UJ 
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Treatment 
Figure 3·10: Transvere CT image overlaid with the DIR derived sVol 
map. Representative subjects from the Normal, Disease, and Early 
Treatment group are shown (left to right) at each of 3 measured inspi-
ratory phases (top to bottom). Hot colors indicate regions of expansion, 
cool colors contraction, and green is neutral. 
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Regionally the s Vol was noticed to change in a gravity dependent manner for 
Normal rabbits. The average sVol partitioned based on height from the table floor 
is shown in Figure 3·11. At initial inspiration ventral s Vol was less than dorsal s Vol 
in Normal (84%, paired t-test, p<0.05) and Treatment (78%, p<0.01) rabbits. At 
mid-inspiration the opposite trend occurs with ventral sVol >dorsal sVol in Normal 
(150%, p<0.001) and Treatment rabbits (130%, p<0.001). These patterns are not 
always present in Disease rabbits however, a mild correlation with the initial inspira-
tion dorsal to ventral sVol ratio to degree of spine deformity is observed (p<0.01, R2 
= 0.29). 
Regional sVol distributions for a representative Normal, Disease, and Early Treat-
ment rabbit at each phase of inspiration is shown in Figure 3·12. Here the lung was 
partitioned into 3 gravity dependent regions and the distribution of each region plot-
ted together. At early inspiration the Disease rabbit has a greater mean s Vol with 
a wider distribution than Normal, but at mid-inspiration has a decreased mean with 
a narrowed distribution. The sVol mean and variance correlated strongly across all 
rabbits and phases (p<0.001, R2 = 0.76), at mid inspiration both correlated nega-
tively with spinal deformity (p<0.01, R2 = 0.21, and p<0.01, R2 = 0.26 respectively), 
Figure 3·13. 
Using simple linear regression the contributions to heterogeneity from gravity and 
from the asymmetry between the left and right lung are indicated with the coefficient 
of regression. These are shown for each group over the initial and mid phase of in-
spiration in Table 3.1. At the initial inspiration phase these factors had little affect 
on overall heterogeneity, however at the mid inspiration phase the gravity dependent 
gradient and the left right asymmetry accounted for 20% and 9% of overall hetero-
geneity in the Normal rabbits respectively. In Disease rabbits these contributions 
were 13% and 9% respectively, and in Treatment rabbits 8% and 10%. 
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Figure 3·11: Comparison of regional sVol in gravity dependent re-
gions, dorsal to ventral, between Normal, Disease and Treatment rab-
bits at each of the 3 measured phases of inspiration. Error bars show 
SD. 
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Figure 3·12: Comparison of sVol distributions for each group 
(columns) at each inspiratory phase (rows). Distributions are shown 
for the dorsal third of the lung (black) , the middle third (red) , and the 
ventral third (orange). 
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Figure 3·13: Correlation of the sVol mean and variance with the 
severity of spinal deformity in all rabbits pooled at mid-inspiration 
phase. 
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Normal Disease Treated 
Initial sVol vs. Height 0.05 (0.06) 0.01 (0.01) 0.08 (0.09) 
vs. Lung 0.01 (0.01) 0.03 (0.04) 0.04 (0.05) 
MidsVol vs. Height 0.20 (0.05) 0.13 (0.14) 0.08 (0.07) 
vs. Lung 0.08 (0.09) 0.08 (0.05) 0.10 (0.09) 
Table 3.1: Coefficients of determination from simple linear regression 
where s Vol is the dependent variable and either height off the CT table 
or location in the left or right lung is the covariate. The mean and (SD) 
is shown. 
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Figure 3·14: Comparison of the mean, f..l, and variance, cr2 , of s Vol 
distributions for each group at each phase of inspiration. Statistically 
significant differences are indicated (*p<0.05, **p<0.01, ***p<0.001). 
The mean and variance of the s Vol distribution over the entire lung is shown 
for each group in Figure 3·14. The mean sVol between the right and left lungs are 
compared between each group in Figure 3·15, s Vol in Disease rabbits was significantly 
less in the left lung compared to the right at initial, mid, and end inspiration by 92%, 
89%, and 85% respectively. 
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Figure 3·15: Comparison of the mean sVol between the left and 
right lung of each group. Statistically significant differences within 
each group are indicated (*p<0.05, **p<0.01). 
3.3.2 FOT 
The average total respiratory, partitioned lung and chest wall, and open chest wall 
impedance spectra at PEEP of 4 cmH20 are shown for each group in Figures 3·16 
and 3·17 as the resistance and elastance spectra. No significant differences were 
detected between groups with ANOVA for ZRs, ZL, and Zopen, however for Zcw the 
resistance in Early treatment rabbits at low frequency was greater than Normal with 
post-hoc analysis (p<0.01) and the Elastance at high frequency in Early and Late 
rabbits was greater than Normal (p<0.01) . Impedance at PEEP 8 showed similar 
results. Upon thoracotomy and expansion of the rib cage the lungs of 2 rabbits 
were not able to hold sufficient pressure and thus the Zopen impedance could not be 
obtained (1 Early and 1 Late). 
Homogeneous model 
All impedance spectra were fit to the homogeneous constant phase model, eq. (3.10); 
the mean parameter values as well as the RMS fitting error are shown in Figures 3·18 
and 3·19 for each group. Respiratory and chest wall tissue elastance, H , and damp-
ing, G, are greater than Normal in Disease, Early, and Late treatment rabbits, how-
ever only Early treatment rabbits were significantly greater. The model fitting error 
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Figure 3·16: Total respiratory and partitioned chest wall impedance 
at PEEP 4cmH20 . Resistance and elastance spectra are shown. Signif-
icantly different magnitudes between groups as measured with ANOVA 
are indicated (***p<O.OOl , **p<O.Ol , *p<0.05) . 
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Figure 3·17: Partitioned lung and open chest impedance at PEEP 
4cmH20. Resistance and elastance spectra are shown. 
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was greater at PEEP 8 than PEEP 4 for respiratory and lung impedance spectra 
(p<0.001) . 
Airwall shunt model 
Respiratory and chest wall impedance spectra were also fit to the homogenous 
model with an additional shunt compliance pathway (Figure 3·6). The fitting errors 
were compared directly to those of the homogeneous model above. For ZRs spectra 
the shunt model did not provide a better fit in any spectra at either PEEP 4 or 8, 
for the Zcw spectra the shunt provided a better fit in 13/20 at PEEP 4 and 9/20 
at PEEP 8, however no statistical differences in the shunt elastance were detected 
between groups. Using Akaike weight criterion the standard homogeneous model was 
preferred over the shunt model for all rabbits. 
Heterogeneous model 
The heterogeneous constant phase model, eq. (3.16), with a hyperbolic distribu-
tion was fit to the respiratory and lung impedance spectra. Using the Akaike weight 
criterion the homogeneous constant phase model was unanimously preferred to de-
scribe ZRs, Zcw, ZL, and Zopen for both PEEP 4 and 8. However, the heterogeneous 
model had a lower fitting error in 17/20 ZRs spectra, 6/20 Zcw, 16/20 ZL, and 17/18 
Zopen at PEEP 4, and 18/20 ZRs spectra, 5/20 Zcw, 19/20 ZL, andll/18 Zopen at 
PEEP 8. The elastance mean and range calculated from the heterogeneous model 
with hyperbolic distribution is shown for each group and each impedance source in 
Figure 3·20, mean chest wall elastance of Early and Late Treatment rabbits was 
greater than Normal as is seen with the homogeneous model. Differences in elastance 
range are not detected. Additionally there was no correlation between the heterogene-
ity measured with CT-DIR (sVol SD) to the elastance distribution range measured 
here (Table 3.2). 
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ZRs ZL Zopen 
PEEP~ 4 8 4 8 4 8 
Initial sVol 0.00 0.01 0.05 0.13 0.01 0.04 
Mid sVol 0.00 0.17 0.00 0.11 0.04 0.02 
Table 3.2: Correlation of mechanical heterogeneity in the lungs as de-
termined through CT-DIR as sVol SD and as estimated by the hetero-
geneous constant phase model as elastance range (Hmax Hmin)· Data 
are pooled from all experimental groups. Coefficient of determination 
is shown for s Vol distributions measured at initial and mid inspiration 
compared to respiratory, ZRs, ZL , and Zopen measured at PEEP of 4 
and 8 cmH20. No significant associations were found . 
3.3.3 Forward-Inverse modeling 
Two-compartment forward model 
Simulated respiratory impedance with the 2-compartment forward model (Fig-
ure 3·7) using a constant pathway resistance and constant inertance but diverging 
tissue compliance elements between each pathway (Figure 3·21) were fit with the 
inverse homogeneous model, eq. (3.10), and heterogeneous models with uniform, hy-
perbolic, and linear distribution, eq. (3.16). Model fitting error as a function of 
compliance spread, dC, is shown in Figure 3·22, all heterogeneous models fit better 
than the homogenous model when spread is less than 3.5. Hyperbolic distribution 
had the best fit followed by the uniform and linear distributions. With large het-
erogeneity, dC > 3.5, all models fit the simulated impedance equally. Estimated 
compliance range (1/ Hmin - 1/ Hmax ) from each inverse distribution type is shown 
in Figure 3·23 as a function of dC, each distribution is sensitive to increasing compli-
ance with dC < 3. Estimated resistance, inertance, 'TJ and compliance are shown in 
Figure 3·24 as a function of dC. The system resistance and inertance increase with 
heterogeneity as flow is shunted into the pathway of least impedance, doubling at 
dC = 5 as one pathway is effectively removed. For large heterogeneity 'TJ is underes-
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Figure 3·21: The 2-compartment forward model; (a) Compliance val-
ues along each pathway, C1 and C2 , as increasing heterogeneity is sim-
ulated through increasing compliance spread, dC. (b) Resultant model 
resistance at selected frequencies as dC is increased. 
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Figure 3·22: Model fit errors as a function of compliance spread, dC, 
in the 2-compartment forward model. 
timated. 
The 2-compartment model with elastic shunt pathway representing airway disten-
sion is evaluated in the same manner (Figures 3·25 and 3·26). As airway distension is 
not explicitly considered in the inverse constant phase models this forward model is 
used to evaluate how unknown system behavior may affect sensitivity of the inverse 
models to detect real changes in heterogeneity. Here the inverse heterogeneous model 
only has a better fit than the homogeneous model for a short range between dC of 
2 and 3.5; only in this limited range can the heterogeneous model detect changes in 
system heterogeneity. 
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Figure 3·23: Estimated compliance spread from the inverse model 
with hyperbolic, uniform, and linear distributions as a function of 
the forward model compliance spread, in the 2-compartment forward 
model. 
Lastly simulations of the 2-compartment model are again evaluated without the 
airwall shunt, but this time the resistance and inertance are jointly varied with compli-
ance to maintain a constant respiratory phase along each pathway. The homogeneous 
and heterogeneous inverse models had extremely low fitting error, and likewise the 
estimated compliance range in the heterogeneous model was near zero. The estimated 
resistance, inertance, compliance, and TJ were constant for all dC (Figure 3·27) 
CT-DIR based forward model 
Respiratory impedance was simulated with the multiple compartment forward 
model with each compartment exhibiting varying elastance based on the s Vol dis-
tributions derived from CT-DIR. Resistance, inertance, and TJ remained constant on 
each pathway, with the overall system values derived to that determined by the in-
verse homogeneous model. At PEEP of 4 the forward simulated impedance curve 
did not fit the empirical data better than the inverse homogeneous model in any 
of the rabbits, however at PEEP 8 the forward model fit empirical data better as 
determined by paired t-test (p<0.01), 18/21 rabbits had a lower RMS error, by an 
average of 1.8%. The impedance for one representative rabbit at PEEP 8 is shown 
in Figure 3·28. The forward model estimation tended to create lower residual error 
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Figure 3-24: Estimated resistance, inertance, TJ, and mean compliance 
from the hyperbolic distribution model as dC increases in the forward 
model. The red dashed line shows the estimated inverse model values 
and the black line the initial values set in the forward model. 
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Figure 3-25: Model fit errors as a function of compliance spread, dC, 
in the 2-compartment forward model with airwall shunt. All heteroge-
neous distributions had identical error. 
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Figure 3·26: Estimated compliance spread from the inverse model 
with hyperbolic, uniform, and linear distributions as a function of the 
forward model compliance spread, dC, in the 2-compartment forward 
model with airwall shunt. 
than the homogeneous inverse model at low frequencies (<5Hz), but greater residuals 
at the highest frequency. The addition of an airway shunt to the forward model did 
not improve the model fit. 
The same forward model is repeated but this time with the tissue compliance 
distribution forced to fit a gaussian or lognormal distribution of the same mean and 
variance as the s Vol distribution. A representative comparison of each of these models 
to empirical data is shown in Figure 3·29. The lognormal distribution provided a 
better RMS fitting error than the Gaussian distribution as determined by paired 
t-test (p<0.05) with an average RMS improvement of 1.3%. 
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Figure 3-27: Estimated resistance, inertance, rt , and mean compliance 
from the hyperbolic distribution model as dC increases in the forward 
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Figure 3·28: The system resistance and elastance versus frequency 
showing the empirical data, the estimated best fit from the homoge-
neous model constant phase model, and a forward model with dis-
tributed compliance based on empirical s Vol distributions. In this ex-
ample the forward model has a 9% improvement in RMS fitting error. 
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Figure 3·29: The system resistance and elastance versus frequency 
showing empirical data, and distributed forward models with Normal 
and LogNormal distributions of equal mean and variance. Each of the 
fitted lines are hardly distringuish, but in this example the lognormal 
distribution provides a 3% improvement in fitting error over the Normal 
distribution. 
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3.4 Discussion 
The purpose of this study was to evaluate how respiratory elastance heterogene-
ity, measured statically through CT-DIR, may influence dynamic heterogeneity, as 
estimated through inverse modelling of respiratory impedance. Specifically these 
techniques were used to characterize functional assymetry in a set of experimental 
rabbits with early onset restrictive chest wall disorders which exhibit a decreased right 
lung volume, increased chest wall compliance (see Chapters 1 and 2), and functional 
asymmetry between the left and right lungs. Additionally a forward-inverse mod-
elling approach was used to directly couple elastic and dynamic heterogeneity and to 
contrast the benefits of both techniques. 
First, there are important shortcomings in this study. Notably the absence of FOT 
data on the majority of Disease control rabbits, but also discrepencies between the 
relative state in which FOT and CT-DIR measures were performed, as FOT measures 
were acquired on rabbits in the supine position just before surgical sternotomy was 
performed and CT scans were acquired in the prone position. Also FOT mechanics 
were measured at oscillations around PEEP of 4 and 8 cmH20, while CT-DIR was 
performed between lung images taken at 0 and 5 cmH20 and 5 and 15 cmH20 . These 
shortcomings limit the statistical power of our analysis. Although greater care could 
be taken to match positioning and the pressure range over which each rabbit was 
pertubed, the comparisons made in this study have been insightful. 
Using CT-DIR we found that Normal rabbits display systematic gravity dependent 
mechanics, the direction of which depends on the particular phase of respiration; 
in the initial inspiration phase greater expansion occurs at the ventral lung (near 
spine of rabbit) and in the middle phase the opposite is true with greatest expansion 
occuring at the dorsal lung. Cumulatively over the entire range of respiration the 
greatest expansion appears to occur in the gravity dependent ventral lung. This 
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expansion is indicative of regional ventilation, the determinants of which have a long 
history of investigation (Glenny, 2009), in humans it has been generally accepted that 
ventilation is greatest in the gravity dependent regions. In dogs a gravity dependent 
ventilation has been found in the supine but not the prone position (Marcucci et al. , 
2001; Treppo et al., 1997), it is assumed that the structure of the respiratory system 
compensates against the influence of gravity in the supine position. Based on our 
results however the relation between ventilation and gravity is also dependent on 
the range and phase of ventilation in which it is measured, that the direction of 
gravity dependent ventilation may be reversed is a novel observation although other 
studies show that magnitude of the gravity dependent gradient changes with phase 
(Pan et al., 2005). In Disease rabbits the significant chest wall disturbance clearly 
influences the ventilation pattern such that a gravity dependent effect is not noticed 
during initial inspiration and overall ventilation is reduced through mid-inspiration. 
Other studies also suggest that structural factors, including positioning and activity 
of the chest wall and diaphragm, are the most important determinants of regional 
ventilation (Hubmayr et al., 1983; Hubmayr et al., 1987; Rehder et al., 1977) . 
Mismatched expansion between the left and right lungs in Disease and Treated 
rabbits highlights the asymmetry in this rabbit model, however the natural gravity 
dependent differences between the ventral and dorsal lung produce a much larger 
functional range; gravity dependence in Normal rabbits accounted for 20% of het-
erogeneity, and left-right assymetry in Disease and Treated rabbits accounted for 8% 
and 10% respectively. Assuming that this natural gravity dependent distribution 
defines the respiratory impedance then detecting differences in heterogeneity in a dis-
ease requires the disease heterogeneity to exceed this base distribution. Accordingly 
heterogeneity as estimated through respiratory impedance did not show differences 
between groups. As the magnitude of the gravity dependent gradient is shown to be 
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dependent on both positioning and respiratory phase. This highlights the importance 
of positioning during FOT measurements as these natural ventilation distributions 
change with posture (Michels et al., 1991), and thus optimal positioning may reduce 
any inherent mechanical heterogeneity which can mask heterogeneity from disease. 
Currently there are no published studies examining the apparent heterogeneity in 
respiratory impedance in relation to body position. 
The failure to improve RMS fitting error on respiratory impedance spectra with 
the addition of an airwall shunt element to the homogeneous model shows that this 
is not a significant affect in this system or may have contrary mechanics to the more 
dominant mechanism of heterogeneity. The fact that RMS error was often higher in 
the homogeneous model with airwall shunt as compared to the homogeneous model 
shows the dificulty of converging on a solution with numerical methods; the added 
complexity of one parameter to the inverse model increases the possible solution space 
and also the dificulty of converging on the solution. In the forward-inverse modelling 
approach we use a simple 2-compartment model to demonstrate that the heteroge-
neous inverse model is very sensitive to changes in elastic heterogeneity in an ideal 
system. However with the inclusion of airwall shunt to the forward model topology 
mild heterogeneity was no longer detectable, thus it appears that airwall shunt and 
pathway heterogeneity produce opposing effects on the frequency dependent nature of 
impedance curves, thus the heterogeneity must be of severity to overcome the quality 
imposed by the airwall shunting effect. This insight adds further to the idea that mild 
changes in respiratory heterogeneity may be difficult to detect given the complexity 
of the system. 
Additionally through forward model analysis we show that the independently 
acquired data on respiratory s Vol distributions can improve characterization of em-
pirical data compared to the homogeneous model. Evaluation of this method against 
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varied models of respiratory heterogeneity and against impedance and s Vol data ac-
quired at well matched pressure shifts is necessary to know the extent to which such 
analysis is accurate, however this technique is useful to understand how a particu-
lar structural heterogeneity will effect respiratory impedance. For the current study 
simulations of a more severe left to right asymmetry can be useful to understand the 
conditions under which such a chest wall constriction may become apparent through 
respiratory impedance, this may provide some immediate benefit to interpret clinical 
impedance measures. 
In summary the characterization of our rabbit model of restrictive respiratory dis-
ease through both CT-DIR and the FOT highlights benefits and limitations of both 
methods. Of note with CT-DIR is the ability to associate divergent mechanical prop-
erties with anatomical location, this has been particularly insightful to understand 
the gravity dependent mechanics of respiration and has raised questions as to how the 
orientation of the lungs and gravity dependent distributions may affect respiratory 
impedance. The mismatch in apparent heterogeneity between the two methods raises 
more questions on mechanisms influencing input impedance and through forward-
inverse modelling we have shown how airway distensibility may limit the ability of 
the FOT to detect the presence of mild heterogeneity. Thus critical factors into the 
use and interpretation of FOT results have been raised. 
93 
Chapter 4 
Expansion Thoracoplasty Affects Lung Growth and Morphology in a 
Rabbit Model: A Pilot Study 
Olson JC, Kurek KC, Mehta HP, Warman ML, Snyder BD (2011). Expansion 
Thoracoplasty Affects Lung Growth and Morphology in a Rabbit Model: A Pilot 
Study Clinical orthopaedics and related research 469:1375-82, 
4.1 Abstract 
Background 
Thoracic insufficiency syndrome represents a novel form of postnatal restrictive 
respiratory disease occurring in children with early-onset scoliosis and chest wall 
anomalies. Expansion thoracoplasty improves lung volumes in children with thoracic 
insufficiency syndrome; however, how it affects lung development is unknown. 
Questions 
Using a rabbit model of thoracic insufficiency syndrome, we evaluated the effect 
of expansion thoracoplasty on the response of biologic mechanismsin the alveolar 
microstructure. 
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Methods 
Using archived material from a previous experiment, 10 4-week-old New Zealand 
rabbits were divided into three groups: normal (n = 3), disease (n = 3), and treated 
(n = 4). Left ribs four to eight were tethered in seven rabbits at age 5 weeks to induce 
hypoplasia of the left hemithorax (disease). At age 10 weeks, four of these rabbits were 
treated by expansion thoracoplasty (treated). At age 24 weeks, lungs were excised and 
processed. Alveolar density and parenchymal airspace were measured on histologic 
sections. Immunohistochemistry was performed for vascular endothelial growth factor 
receptor 2 (angiogenesis) , KI-67 (cell proliferation), and RAM-11 (macrophages). 
Results 
Alveolar walls were poorly perfused and airspace fraction was larger ( emphyse-
matous) in disease rabbits than normal or treated rabbits. Immunohistochemistry 
provided inconclusive evidence to support the concept that pulmonary hypoplasia is 
induced by thoracic insufficiency syndrome and controlled by expansion thoracoplasty. 
Conclusions 
Treatment of thoracic insufficiency syndrome by expansion thoracoplasty may 
prevent emphysematous changes in the alveolar microstructure, thereby enhancing 
gas exchange. 
Clinical Relevance 
Creating an animal model for thoracic insufficiency syndrome should provide in-
sight into the effect of expansion thoracoplasty on lung development otherwise clini-
cally unattainable. 
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4.2 Introduction 
Thoracic insufficiency syndrome (TIS) is the inability of the thorax to support nor-
mal respiration and postnatal lung growth (Campbell et al., 2003; Goldberg et al., 
2003). It reflects a novel form of restrictive respiratory disease and postnatal pul-
monary hypoplasia occurring in children with early-onset scoliosis and anomalies of 
the thorax. TIS presumably interferes with neonatal pulmonary alveolarization, a pro-
cess that slows exponentially from birth until it is largely completed around 5 years of 
age (Dunnill, 1962a). A deficit in alveolarization during this period is thought to be 
irrecoverable, thus urgent intervention may be required in young children to reduce 
long-term pulmonary risk (Campbell and Smith, 2007). Campbell et al. (Campbell 
and Smith, 2007) pioneered expansion thoracoplasty for the treatment of TIS us-
ing a Vertical Expandable Prosthetic Titanium Rib (VEPTRTM; Synthes Inc, West 
Chester, PA) to lengthen the constricted hemithorax, simultaneously correcting the 
thoracic hypoplasia and associated scoliosis by distracting open the concavity of the 
spine and chest wall deformity. The rationale for this treatment was that in grow-
ing children, removing the chest wall constriction and lengthening the thorax would 
mechanically stretch the lung, thereby increasing lung volume and stimulating acinar 
development. Clinical studies in children with TIS treated with VEPTR™ (Camp-
bell et al., 2004a; Campbell et al., 2004b; Emans et al. , 2005) have demonstrated an 
increase in total lung volume and a reduction in scoliosis. However, it remains un-
known how expansion thoracoplasty affects the growth and development of the lung 
in affected patients. 
The fragile health of children afflicted with TIS makes it technically challenging to 
systematically evaluate the interdependence of growth of the spine, thorax, and lung 
in vivo. Therefore, we developed a rabbit model that exhibits some of the clinical 
features of TIS in a preliminary pilot study (Mehta et al., 2006); we created a con-
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stricted hemithorax that induced thoracic hypoplasia and scoliosis in growing rabbits, 
by unilaterally tethering the ribs in 5-week-old rabbits. Using this model in another 
pilot study (Mehta et al., 2010), we evaluated how expansion thoracoplasty affected 
thoracic volume, lung volume, respiratory mechanics, alveolar morphology, and spine 
deformity during growth. The observations suggested expansion thoracoplasty did not 
substantially affect total lung volumes: the volume of the constricted hemithorax was 
increased, but the volume of the ipsilateral lung did not. Expansion thoracoplasty did 
improve alveolar histomorphometry (airspace fraction) and appeared to improve alve-
olar capillary perfusion although there we observed no increase in the total number 
of alveoli. From that pilot, we inferred expansion thoracoplasty may improve pul-
monary growth by modifying or preventing the abnormal alveolar structure caused 
by experimental TIS. Thus, while expansion thoracoplasty improves lung volumes in 
our model and in children with thoracic insufficiency syndrome the mechanisms by 
which it affects lung development remain unclear. 
To assess how expansion thoracoplasty affects biologic mechanisms we explored (1) 
alveolar microstructure development (proliferating and macrophage cell fractions) and 
(2) capillary development and perfusion (vascular endothelial growth factor receptor 
2 [VEGFR-2] immunohistochemistry and red blood cells in eosin-stained sections). 
4.3 Materials and Methods 
Since a rabbit model for TIS and its treatment by expansion thoracoplasty had 
not been previously established, our hospitals Institutional Animal Care and Use 
Committee limited the number of rabbits allowed to undergo the surgical procedures. 
We therefore examined archived pulmonary tissue from our previous rabbit model of 
TIS (Mehta et al., 2010); no new experiments were performed. Thus, by necessity, this 
is a pilot study; the sample size is small and the study is underpowered. Descriptions 
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of the surgical procedures, methods for acquiring lung volumes, and preparing excised 
lung tissue have been published previously (Mehta et al., 2010) and therefore are only 
briefly summarized here. 
In our previous study, ten 4-week-old New Zealand rabbits were divided into three 
groups: normal (n = 3) , disease (n = 3) , and treated (n = 4). Three healthy rabbits 
served as a control (normal group). At age 5 weeks, hypoplasia of the left hemitho-
rax was induced in seven rabbits by passing a subperiosteal figure-of-eight ligature 
(Ethibond@; Ethicon Inc, Somerville, NJ) posteriorly around the fourth to eighth 
left ribs, tethering them together to create a constricted left hemithorax (Figure 4·1). 
Subsequently, four of these seven rabbits were treated by expansion thoracoplasty 
(treated group) at age 10 weeks and three were left untreated (disease group). The 
fused ribs were osteotomized at the apex of the concavity of the constricted left 
hemithorax using a dental burr. The thoracostomy was then distracted open using 
sub laminar hooks from a cervical spine instrumentation system ( CerviFix@; Synthes 
Inc) to cradle the osteotomized ribs placed in opposition at either end of a 3.5-mm 
titanium rod (Figure 4·2). At 24 weeks, all rabbits were ventilated on pure 0 2 for 
10 minutes before euthanasia. The lungs and heart were excised and the lungs were 
infiltrated with formalin at 25 mm Hg for 48 hours before being entirely embedded 
in paraffin. The paraffin-embedded lung samples were cut into 2x 2x 2 em tissue 
blocks selected by stratified random sampling (Dunnill, 1962b) and were then cut 
into 7-JLm-thick tissue sections for histologic examination. 
The rabbit is a useful model to understand post-natal pulmonary development in 
the human because rabbits have significant post-natal alveolar development, which is 
thought to decrease at an exponential rate approaching maturity, similar to humans. 
Time points in this study were based on the normal time line of skeletal maturation 
and alveolarization in the rabbit as compared to that of a human. The rabbit reaches 
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No Surgery Rabbit model: 
(Normal group) Unilateral rib r---
n=3 tether 
Constricted Hemithorax Constricted Hemithorax 
(Disease group) (Treated group) 
Age = 5 weeks Age= 5 weeks 
n = 3 n=4 
, 
Serial CT scans of Implant VEPTR 
thorax age 18 weeks Age= 10 weeks 
I Sacrifice at age 24 weeks for lung histology 
Figure 4·1: Flow diagram shows an outline of the study. 
Figure 4·2: Three-dimensional CT reconstructions depict each exper-
imental group: (A) a TIS disease rabbit displaying fused ribs with a 
constricted left hemithorax; (B) a treated rabbit after expansion tho-
racoplasty of the left hemithorax; and (C) a normal healthy rabbit. 
Antibody 
VEGFR-2 
TfF-1 
Kl-67 
RAM-II 
ldentil1es 
Angiogenesis signaling 
Type 11 pneumocytes 
Proliferating cells 
Macrophage eel L~ 
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Company (catalog number) 
Santa Cruz .Biotechnology l.nc, 
Santa Cruz, CA (625 1) 
DAKO, Cmpinteria, CA (M3575) 
DAKO (M7240) 
DAKO (M0633) 
Primary conce.ntration 
(time) 
1:200 (I hour) 
1: 150 (I hour) 
1:500 (I. hour) 
1:1()() (I hour) 
VEGFR-2 = vascu lar endothelial growth factor receptor 2; TIP-I = thyro id transcription factor I. 
Antigen retrieval 
Citrate at 125"C for 3 minutes 
Ci trnte at 125°C for 3 minutes 
Citrate at 125cC for 3 minutes 
Citrate at 90"C for 40 minutes 
Table 4.1: Antibodies used in immunohistochemistry. 
skeletal maturity near 28 weeks of age, and although there may be some alveolariza-
tion potential through this time, the majority occurs before 16 weeks of age, with 
approximately 25% of total alveoli present in the 5-week-old rabbit and 50% of total 
alveoli present in the 10-week-old rabbit (Kovar et al., 2002). Thus, after expansion 
thoracoplasty surgery, 50% of pulmonary growth potential remains in the growing 
rabbit. This physiologic time point, measured by alveolar development remaining, 
is thought to be equivalent to about a 3-year-old child. The time point for sacrifice 
was chosen at a point in time when skeletal and pulmonary growths were both near 
completion. 
In our previous study (Mehta et al., 2010), alveolar number density (number of 
alveoli per unit of volume) was determined for the left and right lungs as described 
by Weibel and Gomez (Weibel and Gomez, 1962), and parenchymal airspace fraction 
was measured separately for each of the five lobes in rabbit lungs as described by 
Dunnill (Dunnill, 1962b). Morphometric analysis was performed by two independent 
reviewers (MJH and SRB) on hematoxylin and eosin stained slides, intcrobserver vari-
ability was determined through regression and correlation (slope = 0.86. correlation 
coefficient = 0.71). 
Immunohistochemistry (Table 4.1) was performed using antibodies against VEGFR-
2, thyroid transcription factor 1 (TTF -1), macrophage specific antigen (RAM-11) , 
and KI-67 cell proliferation marker. Quantification was performed through cell frac-
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tion but only on macrophage and KI-67; VEGFR-2 stains were not localized enough 
to distinguish individually expressing cells and are displayed as a double stain with 
TTF -1 for insight on colocalization. 
Previous morphologic analysis of excised lung tissue from our TIS rabbit model 
(Mehta et al., 2010) demonstrated the left upper lobe (LUL) was modified the most, 
whereas the right lower lobe (RLL) was modified the least and could serve as an inter-
nal control to understand the heterogeneity of biology within each group of animals. 
Therefore, only samples from the LUL and RLL of each animal were evaluated by 
immunohistochemistry. For each antibody stain in each rabbit, three sections with 
at least 100 JLm intervening distance between them were analyzed. The lung sections 
were deparaffi.nized, rehydrated, and then immersed in citrate solution, pH 6.0, for 
epitope retrieval at either 90°C for 40 minutes or 125° C for 3 minutes in a pressure 
cooker. We visualized three single-stained sections with a peroxidase immunoenzyme 
labeling kit (Vectastain®; Elite® ABC; Vector Laboratories Inc, Burlingame, CA) 
and developed in 3,3-diaminobcnzidine (DAB) substrate. Double-stained VEGFR-
2/TTF-1 sections were stained sequentially using the peroxidase labeling kit devel-
oped with NovaREDTM substrate (Vector Labs) and then an alkaline phosphatase 
labeling kit (Vectastain@ ABC-AP kit; Vector Labs) with Vector@ Blue substrate 
(Vector Labs). Crossreactivity between VEGFR-2 and TTF-1 antibodies (both mouse 
monoclonal) was inhibited using an additional mouse antibody blocking protocol be-
tween sequential stainings (Vector@ M.O.M_TM basic kit; Vector Labs). Endogenous 
peroxidase activity was blocked before the primary antibody application using a 3% 
hydrogen peroxide solution for 10 minutes. All single stains were counterstained with 
hematoxylin and double stains had no counterstain. 
For each of the stained tissue sections from each animal, five digital images were 
acquired at random by overlaying a grid of 1x1 mm squares, numbered sequentially, 
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and picking five numbers using a random number generator. The image at that 
location was then magnified (x200). Cell counting was automated using a color de-
convolution program (Ruifrok and Johnston, 2001) and MATLAB® functions in the 
Image Processing toolbox (The Math Works Inc, Natick, MA). Immunohistochemistry 
signals for macrophages and KI-67 positive cells were quantified in the alveolar space 
by counting the number of positively labeled cells normalized by the total number of 
cells with hematoxylin-stained nuclei. VEGFR-2/TTF-1 was not quantified in this 
manner since individual positively labeled cells could not be discerned; rather, they 
were examined for qualitative differences based on the intensity of the stain in the 
alveolar space. 
Differences in alveolar cell counts of macrophages and KI-67-positive proliferating 
cells were determined between all experimental groups (normal, disease, and treated 
groups) using ANOVA and Fishers probable least significant difference by post hoc 
analysis (Sigmaplot, Systat Software Inc, San Jose, CA). Qualitative observations 
were made of VEGFR-2/TTF-1 slides and hematoxylin and eosin stained slides. 
4.4 Results 
We could make no definite inference of the effect on alveolar microstructure de-
velopment due to expansion thoracoplasty from cell count analysis of macrophages 
(LUL: F = 1.00, p = 0.43; RLL: F = 0.38, p = 0.70) (Figure 4·3) or KI-67-positive 
proliferating cells (LUL: F = 3.04, p = 0.16; RLL: F = 1.39, p = 0.33) (Figure 4·4) for 
both the LUL and the RLL. This is most likely due to the study being underpowered. 
Qualitative evaluation of histologic sections showed emphysematous dilated alveoli 
and an apparent reduction in red blood cells suggested poor perfusion of alveolar walls. 
This was particularly noticeable in the LUL (Figure 4·5) closest to the rib fusion 
but also in the left lower lobe (LLL). The alveolar morphology was more normal in 
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Figure 4·3: Images illustrate the immunohistochemistry of lung tissue 
for antibody against RAM-11 (macrophage) in the three study groups: 
(A) disease lung, (B) normal lung, and (C) treated lung. RAM-11-
positive cells are brown (DAB) and cell nuclei blue (hematoxylin) (orig-
inal magnification, x200). (D) Positively stained cells were counted and 
are given as a percentage of total cell number. The LUL of disease rab-
bits had insignificantly higher cell counts. Sections from the RLL also 
show high variability. Error bars = 1 SD. 
appearance in the treated lungs; red blood cells were abundant throughout the thicker 
alveolar walls. VEGFR-2-stained cells appeared less abundant in disease lungs than in 
treated and normal lungs. VEGFR-2-stained cells showed frequent colocalization with 
Type II pneumocytes, identified by TTF-1 double stains (Figure 4·6). Endothelial, 
macrophage, and bronchial epithelial cells were also positive for VEGFR-2. 
4.5 Discussion 
T IS represents a novel form of postnatal pulmonary hypoplasia and restrictive 
respiratory disease that occurs in children with early-onset scoliosis and chest wall 
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Figure 4 ·4 : Images illustrate the immunohistochemistry of lung tissue 
for KI-67 antibody (proliferation marker) in the three study groups: (A) 
disease lung, (B) normal lung, and (C) treated lung. KI-67-positive cells 
are brown (DAB) and cell nuclei blue (hematoxylin) (original magnifi-
cation, x200). (D) Positively stained cells were counted and are given 
as a percentage of total cell number. The number of proliferating cells 
(KI-67 positive) was insignificantly decreased in the LUL of disease 
lungs compared to both treated and normal lungs. Similar numbers of 
KI-67 positive cells were observed among the groups for the RLL. Error 
bars= 1 SD. 
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Figure 4·5: Representative histologic images of the LUL are shown for 
each experimental group (stain, hematoxylin and eosin). (AC) Wide-
field images (original magnification, x200) display the relatively large 
airspaces in the (A) disease lung compared to the (B) treated and (C) 
normal lung. (DF) Higher magnification (original magnification, x400) 
shows relatively poorly perfused alveolar walls in the (D) disease lung 
compared to the (E) treated and (F) normal lung (red blood cells are 
bright pink). (E) Treated lung tissue shows enhanced perfusion and 
smaller alveolar spaces. 
A 
105 
• 
' . B 
Figure 4·6: Images show immunohistochemistry double stains for 
VEGFR-2 (blue, cell surface) and TTF-1 (red, nuclear) in the lung 
tissue of the three study groups (original magnification, x200): (A) 
disease lung, (B) normal lung, and (C) treated lung. VEGFR-2 often 
co localized with TTF -1-stained cells (Type II pneumocytes). In the 
LUL, VEGFR-2-stained cells appeared less abundant in disease lungs 
than in treated and normal lungs. 
anomalies. Expansion thoracoplasty improves thoracic volume in children with TIS; 
however, how it affects the growth and development of the lung is unknown. We 
presume thoracoplasty modifies the growth and development of the lung, improving 
alveolar structure, which may ultimately improve the ability of the lungs for gas 
exchange. In this study, we assessed how expansion thoracoplasty affects biologic 
mechanisms related to ( 1) development of the alveolar microstructure through cell 
fraction analysis of proliferating cells and macrophage and (2) capillary development 
and perfusion through qualitative assessment of VEGFR-2 immunohistochemistry 
and hematoxylin and eosin stained sections. 
While this pilot study was noteworthy for establishing the first animal model to 
explore the growth and development of lungs subjected to a constricted hemithorax 
and its subsequent reversal by expansion thoracoplasty, there are several limitations. 
First , the sample size was small and the study was underpowered due to restrictions 
placed by our institutional animal review committee until feasibility of the methods 
was proven. Nevertheless, some important themes were observed that provide in-
sight as to how thoracic insufficiency might affect the development of the growing 
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lung and how expansion thoracoplasty might compensate for these changes. Second, 
the rabbit model did not reproduce the severe pulmonary and spinal abnormalities 
seen clinically in children with TIS. Even so, interesting results were found from his-
tologic evaluation, which can inform on the consequence of thoracic deformity on 
pulmonary development in clinical cases. Third, the lack of accelerated lung growth 
and reduction in alveolar density after expansion thoracoplasty may reflect surgical 
trauma (pneumothorax, pleural scarring). We used the right lower lobe as a control, 
rather than a sham surgery control group to identify the degree of iatrogenic effects. 
This control has the advantage of controlling for interanimal differences, but has the 
disadvantage of not being from a sham-surgery control animal. Last , although im-
munohistochemistry provided useful insights as to the factors contributing to lung 
development, the technique is essentially qualitative; quantitative expression assays 
may have been more informative. 
In our current evaluation, we expected a reduced proliferating cell fraction would 
co-occur with the emphysematous alveolar structure and increased airspace frac-
tion (Mehta et al., 2010) found in disease rabbit lungs. A reduction in KI-67-
immunopositive proliferating cells is characteristic of hypoplastic lung tissue (Thomas 
et al., 1996). Conversely, an increased proliferating cell fraction in treated rabbits 
would imply active remodeling of the alveolar morphology including growth of the 
capillary network. However , our study is inconclusive on these points, most likely 
due to small sample sizes. These changes would improve respiratory function in 
rabbits treated with expansion thoracoplasty by facilitating C02-02 gas exchange. 
Similar respiratory compensation through alveolar remodeling has been observed in 
postpneumonectomy animal models (Hsia, 2004; Takeda et al., 1999). Measurements 
of alveolar macrophage abundance had high variance and no conclusion on relative 
abundance between experimental groups can be made. Macrophages phagocytize eel-
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lular debris and might have an excess presence in disease lungs due to infection or 
necrotic tissue. 
Cellular signaling via the VEGF pathway (Voelkel et al., 2006) is a positive regu-
lator of angiogenesis and capillary formation and an important precursor to the alve-
olarization phase of lung development (Chang et al., 2004; Dunnill, 1962a; Jakkula 
et al., 2004). We speculate an increase in capillary development and VEGFR-2 (Sherr 
et al., 1998) abundance is present after expansion thoracoplasty; however, our im-
munohistochemistry results are not quantitative. The increased presence of red blood 
cells observed in hematoxylin and eosin stained sections was conspicuous in the LUL 
of expansion thoracoplasty treated rabbits (compared to disease rabbits), suggesting 
an enhanced alveolar capillary network. Either change will enhance the capacity of 
the lungs for gas exchange. In experimental studies of bronchopulmonary dysplasia 
in rats (Tourneux et al., 2009), therapy with nitric oxide improved the structure of 
the lung by inducing vasodilatation and enhancing pulmonary perfusion. Conversely, 
a long-term clinical followup study of adults with pulmonary hypoplasia induced by 
early-onset scoliosis (Goldberg et al., 2003) demonstrated a reduction in the capacity 
for pulmonary gas exchange. Therefore, the enhanced perfusion observed in rabbits 
treated with expansion thoracoplasty may signal the initiation of alveolar remodeling. 
It is currently unknown whether expansion thoracoplasty improves respiratory 
function and/ or respiratory growth and by what mechanisms. In spite of its lim-
itations, this study suggests further hypotheses that should be tested in a future 
statistically powered study. Such a study will be vital to answer questions on how 
postnatal timing of intervention with expansion thoracoplasty affects the mechanism 
of long-term pulmonary development (alveolarization) . Clinical pulmonary biopsies 
are difficult to obtain from pediatric TIS patients and suitable control groups are 
unavailable; therefore, this model has great utility in the study of TIS and expansion 
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thoracoplasty intervention. 
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Chapter 5 
Conclusions 
5.1 Statement of original contributions 
Insight into the pulmonary pathology of thoracic insufficiency syndrome (TIS), 
associated with early onset deformities of the spine and chest wall, and the response 
to treatment are particularly relevant to the pediatric orthopaedic surgery community. 
As clinical cases of severe TIS are rare and cannot be left untreated there is limited 
literature from which to infer the natural progression of pulmonary pathology in this 
population. Thus an animal model representing TIS provides valuable insight. 
The rabbit surgical models presented in this dissertation were originally attempted 
in 2 small pilot studies performed by previous members of our group (Mehta et al., 
2006; Mehta et al. , 2010) . These studies produced only a very mild thoracic defor-
mity, were underpowered, and thus unable to duplicate the clinical condition. This 
original model of early onset thoracic deformity was refined here to create a more 
significant deformity, which is significantly detrimental to respiration and pulmonary 
development and also comparable in severity to that seen in young children requiring 
surgical intervention. 
In our evaluation of this model we developed a composite deformity metric that 
takes the 3-dimensional quality of the deformed spine into account and which is highly 
predictive of ultimate pulmonary growth and functional outcomes. In clinical studies 
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spine deformity measures are largely limited to the 2-dimensional Cobb angle from 
an anterior-posterior projection, however studies on early onset scoliosis (EOS) have 
found this measure correlates poorly with growth and functional outcomes ( Owange-
Iraka et al., 1984; Motoyama et al., 2006; Mayer and Redding, 2009). There is 
increasing interest in 3-D evaluation of spine deformity (Labelle et al., 2011; Sangole 
et al., 2009), and such techniques will likely be adopted as clinical availability of 3-D 
imaging tools is increased, however the maximal deformity angle presented in this 
dissertation can be determined from only a posterior and lateral radiograph. 
A novel utility of our rabbit model of thoracic deformity is as a platform to evaluate 
effects of surgical intervention, as shown in particular with expansion thoracoplasty 
surgery. Because these rabbits develop in a very predictable fashion the evaluation 
of thoracic growth and function following expansion thoracoplasty surgery could be 
determined with statistical power that is not producible in clinical literature. We 
clearly show that although the expansion thoracoplasty procedure improves measures 
of spinal deformity, it is in itself detrimental to pulmonary growth and respiratory 
function and is thus only worthwhile in cases of severe deformity with poor prognosis. 
The reduced diaphragm surface area in these rabbits suggests that implications on 
diaphragmatic function may be a critical consideration during surgical planning. 
Through CT-DIR evaluation we found that the direction of gravity dependent 
ventilation is conditional on the respiratory phase over which it is measured, and 
during the initial phase (from 0 to 5 cmH20) the direction of the ventilation gradient 
is actually opposite to what is expected from the literature. Only ventilation at higher 
volume perturbations will recreate the expected gravity dependent pattern. Such an 
observation has not been reported in the literature. The quantification of this stru-
cural heterogeneity may have implications for planning pulmonary function testing, 
in particular with the forced oscillation technique (FOT) as it is sensitive to het-
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erogeneous mechanics. Consideration of the effect of s Vol on respiratory impedance 
through a forward-inverse modeling approach here has presented a tool to evaluate 
how structural heterogeneity may influence respiratory impedance. 
Lastly we have shown that there appears to be a decreased cellular activity asoci-
ated with deformity in rabbits and counterwise in the expansion thoracoplasty model 
increased activity. 
5.2 Recommendations for future work 
This work has produced a rabbit model which should be further utilized as a 
platform for alternative treatments to early onset thoracic deformities, such as with 
growing rods or bracing as well as improved variations in the expansion thoracoplasty 
method. Addtionally it should be used for more thorough analysis of respiratory func-
tion, in particular the direct quantification of respiratory gas exchange under physcial 
exertion, such as has been performed with DLCO in dogs (Takeda et al., 1999) , and 
also a thorough evaluation of diaphragmatic mechanics associated with both thoracic 
restriction and surgical treatments. Measurement of in-vivo diaphragmatic excursion 
has been attempted in patients with adolescent idiopathic scoliosis (AIS) (Kotani 
et al., 2004; Chu et al., 2006) and should be considered in our rabbit model and 
TIS patients, especially with consideration into the effects of surgical treatment on 
diaphragm excursion. 
Clinically, in addition to evaluation of diaphragm mechanics, we woud recommend 
monitoring pulmonary function in the early onset deformity patient population for 
dynamic elastance, which we have found is a very simple test which correlates strongly 
with severity of thoracic deformity ; such measures can be made quickly pre-surgery 
in ventilated subjects. It is also important to identify one (or several) representative 
metric(s) of the 3-dimensional nature of thoracic deformity in the clinical population, 
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as we found in our rabbit model that taking into account both the sagittal and coronal 
perspective of spine deformity was critical to understand the relation of deformity to 
the development of pulmonary hypoplasia. 
A careful examination of the FOT method in combination with CT-DIR image 
analysis, identiyfing local regions of respiratory expansion, could validate sources 
of respiratory heterogeneity in FOT. The range in pressure and also posture of a 
subject are known to influence structural and functional changes, how such measures 
vary concurrently would characterize the sensititivy of the FOT method to structural 
sources of heterogeneous changes. Additionally this characterization would help to 
distinguish inherent sources of heterogeneity to those occuring due to disease. 
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